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STEPAN  NIKOLAEVICH  DANILOV 


(On  His  70th  Birthday) 


January  1959  marks  the  70th  birthday  and  45  years  of  scientific  and  teaching  activity  of  that  most  eminent 
chemist  and  remarkable  teacher,  Corresponding  Member  AN  SSSR,  Director  of  the  Institute  of  High-Molecular 
Compounds  AN  SSSR,  S.  N.  Danilov. 

S.  N.  Danilov  was  born  January  6,  1888  In  Vitebsk,  His  scientific  activity  began  in  the  University  of  Peter- 
burg,  where  he  graduated  in  1914,  in  the  Department  of  Organic  Chemistry.  Since  that  time.  Academician 
Favorskii's  outstanding  pupil  Danilov  has  been  successfully  developing  the  scientific  teachings  of  the  Butlerov 
Favorskii  school  for  45  years. 

From  1918  he  was  first  deputy  editor  of  the  Journal  of  the  Russian  Physicochemical  Society,  and  then 
editor  of  the  Journal  of  General  Chemistry.  He  still  holds  the  latter  post.  He  devotes  much  attention  to  the 
Leningrad  Section  of  the  D.  I.  Mendeleev  Chemical  Society,  and  has  been  its  chairman  since  1951. 

Di  1930  he  was  appointed  professor  and  Head  of  the  Chair  of  Chemical  Conversion  of  Cellulose  in  the  Len- 
soviet  Technological  Institute,  Leningrad;  he  has  held  this  position  to  the  present  day. 

Danilov’s  earliest  researches  were  concerned  with  the  course  of  dehydration  of  a-glycols  and  their  reactions 
with  acid  reagents.  His  discovery  of  the  isomeric  conversion  of  aldehydes  into  ketones,  made  in  1916,  was  of 
great  scientific  importance. 

In  studying  the  dehydration  of  a-glycols,  Danilov  showed  that  the  reaction  conditions  have  a  greater  in¬ 
fluence  than  the  stmcture  of  the  original  a-glycol  on  the  reaction  products.  It  was  found  that  by  variations  of 
the  reaction  conditions  it  is  possible  to  vary  the  composition  of  the  product  so  that  it  contains  increasing  amounts 
of  ketones,  and  to  obtain  as  many  carbonyl  compounds  as  there  are  possible  ways  of  splitting  a  water  molecule 
from  the  hydroxyl  groups  of  the  a-glycol.  It  was  found  that  an  aldehyde  is  converted  into  the  ketone  which  is 
formed  from  the  glycol  under  the  harshest  reaction  conditions.  Together  with  E.  D.  Venus- Danilova,  S.  N.  Danilov 
made  detailed  studies  of  the  isomerization  conditions  of  different  classes  of  aldehydes.  It  was  found  that  a-hy- 
droxyaldehydes  are  isomerized  to  hydroxyketones  and  carboxylic  acids  under  the  action  of  catalysts.  This  new 
discovery  was  confirmed  by  numerous  examples  of  conversion  of  hydroxy  and  halo  aldehydes  and  of  primary  halo 
ketones  into  hydroxy  ketones  and  acids. 

The  systematic  relationships  in  the  isomeric  conversions  of  aldehydes  and  hydroxy  aldehydes  accounted 
for  the  meclianism  of  ketone  formation  in  the  dry  distillation  of  wood,  the  formation  of  butyric  acid  in  the  fer¬ 
mentation  of  sugar-containing  materials,  etc. 

These  reactions  are  of  considerable  interest  in  relation  to  biochemical  conversions  of  organic  compounds. 

A  further  development  of  work  on  the  conversion  of  a-halo  and  a-hydroxy  aldehydes  into  acids  was  the 
research  of  S.  N.  Danilov  and  his  pupil,  presently  Professor  of  the  Tbilisi  Pedagogic  Institute,  A.  M.  Gakhokidze 
on  the  regrouping  of  halogenated  monoses  to  orthosaccharic  acids.  Danilov  devised  a  scheme  representing  the 
formation  of  all  theoretically  possible  saccharic  acids.  Further  investigations  performed  by  A.  M.  Gakhokidze 
with  galactose,  L-arabinose,  and  other  substances  showed  that  the  new  type  of  saccharic  regrouping  discovered 
by  S.  N.  Danilov  is  general  for  all  sugars.  Danilov  made  extensive  use  of  acid  “  base  —  salt  catalysis  in  reactions 
of  isomeric  conversion. 
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S.  N.  Danilov,  jointly  with  E.  D.  Venus- Danilova  and  P.  S.  Shantarovich,  effected  the  epimeric  transfor¬ 
mation  of  glucose  to  fmtose  by  a  new  method.  Instead  of  the  formerly  used  mineral  hydroxides,  a  dry  organic 
base  (pyridine  or  quinoline)  was  used  as  the  reaction  medium.  It  was  found  that  under  these  new  conditions  — 
in  absence  of  moisture  —  the  reaction  proceeds  somewhat  differently:  only  glucose  and  fructose  were  isolated 
from  the  reaction  medium.  Neither  mannose  nor  organic  acids  were  found.  This  convenient  method  for  epimeri- 
zation  of  glucose  to  fmetose  is  widely  used  in  this  country  and  abroad.  Danilov  has  performed  a  series  of  inter¬ 
esting  researches  in  the  Institute  of  High-Molecular  Compounds  of  the  Academy  of  Sciences  USSR.  He  has  pre¬ 
pared  new  amino  and  guanidino  derivatives  of  monoses  and  of  polyhydric  alcohols  and  various  derivatives  of 
xylitol  and  xylitan,  which  are  starting  materials  for  new  high  polymers. 

During  his  tenure  of  the  Chair  of  Chemical  Conversion  of  Cellulose  in  the  Lensoviet  Technological  Institute 
of  Leningrad,  and  during  his  work  in  the  Plastics  Institute  from  1930  to  1938  and  in  the  Institute  of  High-Molecu¬ 
lar  Compounds  of  the  Academy  of  Sciences  USSR  since  1949,  Danilov  with  his  pupils  has  done  much  work  on  the 
chemistry  of  cellulose  and  its  derivatives  and  on  the  chemistry  of  chitin. 

The  hydrolysis  of  alginic  acid  was  studied  and  a  series  of  new  derivatives  of  mannuronic  acid  was  prepared. 

Danilov’s  outstanding  work,  a  research  of  great  significance,  was  his  study  of  the  theory  of  cellulose  nitra¬ 
tion.  Tliis  work  developed  the  Mendeleev  “  Sapozhnikov  theory  of  nitration. 

The  properties  of  cellulose  nitrates  have  been  studied  in  detail  in  a  series  of  investigations,  and  the  chem¬ 
istry  of  the  action  of  weak  and  strong  bases  and  acetic  acid  on  cellulose  nitrate  has  been  elucidated.  The  causes 
of  the  viscosity  decrease  produced  by  ammonia  were  studied. 

In  his  studies  of  the  synthesis  and  properties  of  cellulose  nitrates  he  also  investigated  the  properties  of  other 
cellulose  derivatives.  Danilov  and  his  associates  were  the  first  to  prepare  and  describe  the  hydroxybutyl  ethers 
of  cellulose,  and  investigated  glycerol  ethers  of  cellulose  and  carboxymethylcellulose. 

In  addition  to  his  work  in  the  field  of  the  chemistry  of  cellulose  and  its  derivatives,  Danilov  worked  on 
chitin,  a  natural  polysaccharide  which  had  been  studied  little.  Conditions  for  activation  of  chitin  and  its  dis¬ 
solution  in  alkali  were  found.  The  glycerol,  hydroxyethyl,  and  ethyl  ethers  of  chitin  were  prepared  and  described 
for  the  first  time.  Ethylated  chitin,  which  is  soluble  in  organic  solvents  and  yields  viscous  solutions,  is  of  practi¬ 
cal  interest. 

An  extensive  range  of  investigations  has  been  carried  out  by  Danilov  and  his  associates  on  cuprammonium 
solutions  of  cellulose  and  on  the  chemistry  of  xanthates  and  viscose. 

Investigations  of  the  formation  of  basic  copper  salts  and  copper  hydroxide  showed  that  the  preparation  con¬ 
ditions  and  the  composition  of  the  salts  and  impurities  have  an  important  influence  on  the  solubility  of  cellulose 
and  the  properties  of  the  spinning  solutions.  Danilov  devised  a  coagulation  method  as  a  test  for  ripeness  of  the 
spinning  solution. 

In  a  study  of  oxidation  processes  in  cuprammonium  cellulose  solutions  in  presence  of  organic  and  mineral 
additives  Danilov  showed  that  sulfites  act  as  oxidation  inhibitors. 

The  results  of  physicochemical  investigations  of  cuprammonium  solutions  of  cellulose  and  other  polyhy¬ 
droxy  compounds  refuted  the  concept  of  the  alcoholate  nature  of  the  copper  ~  cellulose  compound  in  solution. 
Studies  of  the  composition  of  precipitates  isolated  from  cuprammonium  cellulose  solutions  by  addition  of  salts 
and  alkalies  showed  that  the  precipitates  did  not  contain  chemical  compounds  of  constant  composition  which  had 
previously  been  supposed  to  exist. 

Studies  of  the  composition  of  viscose  and  of  the  ripening  process  led  Danilov  and  his  associates  to  the  de¬ 
velopment  of  a  new  branch  of  viscose  chemistry  —  polysulfide  compounds  —  and  made  it  possible  to  advance  new 
views  on  the  processes  taking  place  in  viscose. 

In  1934  Danilov  prepared  the  thioanhydride  of  cellulosexanthic  acid  for  the  first  time.  In  further  work, 
first  with  model  compounds  and  then  with  cellulose  derivatives,  the  conversion  of  dixanthates  into  thioanhydrides 
by  the  action  of  sulfur  acceptors;  cyanides,  sodium  sulfide,  sodium  sulfite,  and  sodium  arsenite  was  demonstrated. 

Studies  of  the  properties  of  cellulosexanthic  acid  thioanhydrides  showed  that  they  are  readily  decomposed 
in  presence  of  alkali  and  therefore  cannot  exist  in  viscose,  although  the  possibility  is  not  excluded  that  they  can 


be  formed  during  viscose  ripening  from  cellulose  dixanthides  by  the  action  of  sulfur  acceptors  present  in  viscose. 
Cellulose  dixanthides  are  formed  by  oxidation  of  isolated  cellulose  xanthates  and  of  viscose  by  atmospheric 
oxygen;  their  formation  in  viscose  and  subsequent  decomposition  by  alkali  accelerate  the  ripening  of  viscose. 

It  was  shown  in  this  investigation  that  dixanthides  do  not  differ  in  stmcture  from  dixanthides  of  simple  alcohols. 
Studies  of  the  composition  of  viscose  revealed  the  presence  of  the  disulfide  of  sodium  perthiocarbonate,  and  the 
accumulation  of  polysulfide  compounds  during  ripening. 


S,  N,  Danilov 


Danilov  elucidated  the  action  mechanism  of  sulfite.  It  was  found  that  it  acts  not  only  as  an  antioxidant 
for  viscose,  but  also  as  a  sulfur  acceptor.  Potassium  cyanide  and  sodium  arsenite  act  similarly  to  sulfite  in  vis¬ 
cose. 


New  techniques  and  methods  of  viscose  analysis  were  needed  for  studies  of  the  composition  of  viscose,  the 
chemical  conversions  of  cellulose  xanthates,  and  the  distribution  of  carbon  disulfide  during  xanthation. 
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Danilov  and  his  associates  developed  new  methods  for  analysis  of  cellulose  xanthate  and  viscose.  They 
were  the  first  to  use  the  tracer  atom  method  for  determination  of  the  distribution  of  carbon  disulfide  between 
the  components  of  viscose  and  for  determination  of  the  loss  of  sulfur  by  polysulfide  compounds. 

In  addition  to  theoretical  problems,  Danilov  worked  on  current  industrial  questions.  He  developed  a  meth¬ 
od  of  conferring  the  properties  of  wool  to  viscose  fibers  by  means  of  wool  hydrolyzates,  and  studied  the  effects 
of  various  factors  in  the  first  stage  of  the  process  mercerization  —  on  the  distribution  of  carbon  disulfide  in 
xanthation  in  continuous  processes  of  viscose  production,  A  method  of  emulsion  xanthation  (with  direct  and  re¬ 
verse  emulsions)  with  the  object  of  producing  viscose  in  a  single  apparatus  was  developed  and  viscoses  of  pro¬ 
duction  quality  were  obtained.  Several  investigations  were  performed  on  the  composition  of  spinning  baths  and 
on  the  removal  of  organic  impurities  from  spent  alkali. 

S.  N.  Danilov  has  published  numerous  reviews  of  organic  chemistry  and  chemical  technology. 

His  work  in  the  field  of  intramolecular  oxidation  —  reduction  reactions  of  carbonyl  compounds,  investiga¬ 
tions  of  cellulose  and  its  derivatives,  viscose,  and  cuprammonium  solutions,  and  numerous  other  researches  have 
won  world  fame  for  S.  N.  Danilov. 

Danilov’s  talents  as  a  scientist  and  teacher,  his  love  of  science  and  his  personal  charm  have  always  attract¬ 
ed  young  scientists;  he  has  trained  more  than  50  graduates  and  doctors  of  science. 

In  this  brief  review  it  is  not  possible  to  do  full  Justice  to  all  the  wide  range  of  problems  to  which  S,  N. 

Danilov  devoted  his  varied  scientific  activities. 

The  Soviet  Government  has  placed  a  high  value  on  the  services  rendered  by  S.  N.  Danilov  to  our  science 

and  industry,  and  in  training  students  and  scientists,  and  has  rewarded  his  with  two  Orders  of  Lenin,  the  Order  of 

the  Red  Banner  of  Labor,  the  "Badge  of  Honor"  order,  and  various  medals, 

A.  Anikeeva  and  E.  Plisko. 
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NEW  POLYMER  MATERIALS.  THEIR  PROPERTIES, 
AND  FIELDS  OF  PRACTICAL  UTILIZATION 

M.  M.  Koton 


The  science  of  high  polymers  is  undergoing  continuous  development,  and  each  year  brings  new  discoveries 
in  the  field  of  new  polymer  materials  with  new  and  often  quite  unexpected  properties.  We  are  witnessing  rapid 
progress  in  methods  of  synthesizing  new  polymers,  of  modifying  the  properties  of  known  polymer  materials  by 
the  use  of  fundamentally  new  polymerization  processes,  and  also  of  improving  methods  for  the  conversion  of 
polymers  into  various  articles. 

By  the  use  of  stereospecific  catalysts  it  is  possible  to  obtain  polymers  of  a  high  degree  of  crystallinity 
("isotactic"  polymers)  of  increased  heat  resistance,  and  capable  of  yielding  fibers  with  valuable  technical  pro¬ 
perties.  The  development  of  copolymerization  methods,  with  wide  use  of  mechanochemical  methods  and  irradia¬ 
tion.  makes  it  possible  to  obtain  block  and  graft  copolymers  of  Improved  physical  and  mechanical  properties. 
Studies  of  the  fine  structure  of  polymers  by  means  of  new  physical  methods  (light  scattering,  nuclear  and  elec¬ 
tronic  paramagnetic  resonance,  mass  spectroscopy)  provide  new  approaches  to  the  problem  of  producing  new 
polymers  with  predetermined  properties.  Plastics,  synthetic  rubbers,  artificial  and  synthetic  fibers  are  being  more 
widely  and  boldly  used  in  various  branches  of  technology,  agriculture,  medicine,  and  the  production  of  consumer 
goods  with  improved  properties  (lighter  footwear,  crease-resistant  and  waterproof  fabrics,  abrasion-resistant  tires, 
and  many  others).  Problems  of  house  building  can  be  solved  in  new  ways  by  the  use  of  reinforced  and  laminated 
plastics,  and  honeycomb  and  foam  plastics.  The  rapid  development  of  the  chemical  industry  specified  by  the 
May  Plenary  Session  of  the  Central  Committee  of  the  C.  P.  S.  U.  will  make  it  possible  to  create  an  abundance 
of  various  polymer  materials  in  a  short  time.  It  is  therefore  necessary  to  make  the  workers  of  our  industry  famil¬ 
iar  with  the  properties  of  new  polymers,  so  that  these  can  be  adopted  in  the  national  economy  as  soon  as  possible. 

Polymers  of  Unsaturated  Hydrocarbons 

Polyethylene  and  its  derivatives.  An  exceptionally  valuable  polymer  material  is  polyethylene,  made  by 
polymerization  of  ethylene,  'fhe  main  raw  materials  for  production  of  ethylene  are  by-product  gas  from  the  pro¬ 
cessing  of  heavy  oils,  gases  made  by  pyrolysis  of  ethane  and  propane,  and  natural  gas.  Different  types  of  poly¬ 
ethylene  are  now  available  with  properties  which  differ  in  accordance  with  the  polymerization  method. 

High-pressure  polyethylene  is  made  at  temperatures  of  200*  and  over  and  pressures  from  500  to  1500  atmos, 
in  the  presence  of  0.03  —  0.1%  of  oxygen  in  the  gas;  this  is  necessary  for  the  formation  of  peroxides  from  oxygen 
and  ethylene,  which  give  rise  to  free  radicals  which  initiate  ethylene  polymerization  [1].  The  polymers  have 
molecular  weiglits  from  2,000  to  20,000,  and  occasionally  up  to  50,000.  High-pressure  polyethylene  contains 
about  3  methyl  side  groups  per  100  methylene  groups.  The  presence  of  side  chains  confers  elasticity  on  poly¬ 
ethylene.  Unsaturated  and  oxygen-containing  groups  are  also  present  in  the  polymer.  The  crystallinity  of  high- 
pressure  polyethylene  is  55  — 00%(sp.  gr.  0.92,  m.p.  110®,  frost  resistance  —  70",  elongation  at  break  600%,  elasti¬ 
city  modulus  2500  kg/cm*).  In  absence  of  oxygen  polyethylene  is  stable  up  to  about  200";  at  higher  temperatures 
degradation  is  very  rapid  with  formation  of  products  of  low  molecular  weight. 

In  1953  Ziegler  discovered  a  catalytic  method  for  production  of  low-pressure  polyethylene  [2]  which  has 
been  marketed  in  Germany  since  1954  under  the  name  of  "Hostalen"  [3].  Ethylene  is  passed  at  normal  pressure 
(760  mm)  and  at  slightly  elevated  temperature  through  a  suspension  of  a  catalyst  based  on  titanium  and  alumi¬ 
num  compounds  (1%  on  the  weight  of  ethylene)  in  xylene,  mineral  oil,  or  other  organic  solvents.  The  polymer. 
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formed  in  almost  quantitative  yield,  is  precipitated  as  a  white  powder  which  is  then  washed  free  from  catalyst. 
Low-pressure  polyethylene  differs  from  the  high-pressure  product  in  having  strictly  linear  macromolecules  with¬ 
out  side  chains.  This  polymer  has  high  crystallinity  (77  —  80*70  crystalline  phase),  high  density  (sp.  gr.  0.94  — 

0.95)  a  higher  softening  temperature  (120*)  and  a  lower  elongation  at  break  (1507o);the  elasticity  modulus  is 
5,500  —  11,000  kg/cm*.  Its  gas  and  vapor  permeability  is  low  [4]. 

The  molecular  weight  of  low-pressure  polyethylene  is  from  10,000  to  3,000,000,  according  to  the  poly¬ 
merization  conditions.  The  transparency  of  a  film  0.1  mm  thick  is  70‘7>. 

Relatively  recently  a  new  type  of  polyethylene,  "Marlex-50",  has  appeared;  it  is  made  by  the  Phillips 
process,  by  polymerization  of  ethylene  in  a  diluent  in  presence  as  a  suspended  catalyst  under  a  pressure  of  10  — 

30  atmos  at  100—  150".  The  catalyst  consists  of  chromium  oxides  on  aluminosilicate.  Polyethylene  made  by 
this  process  has  few  side  chains,  is  highly  crystalline  (90*7))  has  density  0,96  and  m.p.  113  —  127".  "Marlex-50" 
has  a  tensile  strength  of  310  kg/cm*  at  350^^  elongation  [5]. 

Distinctive  properties  of  all  types  of  polyethylene  are  chemical  inertness,  impermeability  to  water,  and 
exceptionally  good  dielectric  properties.  Polyethylene  is  resistant  to  HCl,  dilute  HNO3,  and  alkali  solutions,  it 
is  insoluble  in  organic  solvents  at  10"  but  at  60  —  70"  dissolves  readily  in  aromatic  and  chlorinated  solvents. 

16 

Its  dielectric  constant  is  2.3,  its  volume  resistivity  is  10  ohm* cm,  the  tangent  of  the  dielectric  lossangle 
is  0.0001,  and  the  breakdown  voltage  is  40  —  60  kv/mm.  Polyethylene  films  and  sheets  can  be  welded.  Poly¬ 
ethylene  is  easily  machined  on  lathes. 

Polyethylene  is  now  being  produced  in  the  USSR,  USA,  England,  Germany,  Italy,  and  a  number  of  other 
countries  in  increasing  amounts,  and  its  practical  applications  are  continuously  growing.  Polyethylene  is  used 
extensively  for  the  production  of  tubes,  pipes,  containers,  bottles,  beakers,  and  other  domestic  articles;  for  cable 
insulation,  manufacture  of  films  and  expanded  plastics,  and  for  packaging  and  protective  coatings.  Polyethylene 
is  suitable  for  use  as  a  low-loss  dielectric  for  high-frequency  apparatus  used  in  television  and  radar. 

Irradiated  polyethylene,  marketed  under  the  trade  name  "Irrathene",  is  of  interest  as  an  insulating  material. 
The  action  of  high-energy  electrons,  neutrons,  or  y-rays  on  polyethylene  causes  cross  linking  with  liberation  of 
hydrogen.  The  polymer  so  formed  retains  its  amorphous  stmcture  and  differs  from  ordinary  polyethylene  in  being 
transparent,  flexible,  and  stable  for  a  long  time  at  temperatures  up  to  200".  It  is  recommended  for  use  at  120  — 
150"  [6].  Films  0.25  mm  thick  have  600*yo  elongation,  the  density  is  0.92  g/cc,  and  the  volume  resistivity  is 
10^®  ohm* cm.  It  is  resistant  to  acids  and  alkalies  [7]. 

Polyethylene  irradiated  by  high-energy  electrons,  produced  under  the  name  "Hyrad",  has  high  thermal 
stability,  can  be  used  indefinitely  at  150",  for  a  limited  time  at  200",  and  for  several  hours  at  300";  it  decom¬ 
poses  at  about  450".  Its  dielectric  constant  is  2.3,  and  the  tangent  of  the  dielectric  loss  angle  is  5*10“*;  these 
values  are  retained  up  to  150*  [8]. 

The  production  of  graft  copolymers  based  on  polyethylene  by  the  action  of  ionizing  radiations  should  be 
mentioned.  For  example,  vinylcarbazole  can  be  grafted  to  polyethylene  films.  The  softening  temperature  is 
increased  from  80  —  104*  for  the  original  polyethylene  to  165  “  220*  for  a  graft  polymer  containing  53*7o  vinyl¬ 
carbazole.  The  elongation  at  break  is  decreased  from  700  to  45*7o. 

Cation-exchange  membranes  with  good  characteristics  can  be  made  by  sulfonation  of  a  graft  copolymer 
of  styrene  and  polyethylene  [9]. 

Low-pressure  polyethylene  is  now  being  used  for  the  production  of  two  types  of  fibers:  "Courlene"  and 
"Courlene  X-3".  The  threads  are  resistant  to  acids  and  alkalies  and  are  not  attacked  by  bacteria.  They  are 
superior  to  polyamide  fibers  in  abrasion  resistance.  Poor  light  resistance  and  dyeability  are  disadvantages  [10]. 

PROPERTIES  OF  COMMERCIAL  POLYETHYLENE  [11] 

Properties  High-pressure  Low-pressure 

polyethylene  polyethylene 

22,000-25,000  60,000-200,000 


Molecular  weight 
Melting  point  (*C) 


111 


133 


Properties 


Properties  High-pressure 

Low-pressure 

polyethylene 

polyethylene 

Crystallinity  {%) 

60 

80-85 

Specific  gravity 

0.92 

0.96  -  0.97 

Refractive  index 

1.51 

- 

Heat  conductivity  (cal/cm**  sec  •  degree  •  cm) 

8.10-* 

- 

Water  absorption  in  24  hours  at  25*  {°lo) 

0.01 

- 

Brittle  point  (*C) 

-70 

-70 

Tensile  strength  (kg/cm*) 

133 

120 

Elongation  {°}o) 

600 

100 

Tearing  strength  (kg/cm*) 

42 

70 

Shore  hardness 

D  53 

D60-7( 

Shearing  strength  (kg/cm*) 

126 

- 

Softening  point,  Vicat  test  (‘C) 

91 

- 

Properties  of  polyethylene  films  1  “*  1.5  mm  thick 

Properties 

Average  value 

Longitudinal  tensile  strength  (kg/cm*) 

15.4 

Transverse  tensile  strength  (kg/cm*) 

1600 

Longitudinal  elongation  (‘’/o) 

350 

Transverse  elongation  {'’Jo) 

615 

Longitudinal  abrasion  resistance  (kg/cm*) 

28.3 

Transverse  abrasion  resistance  (kg/cm*) 

19.6 

Water  absorption  in  24  hours  {°lo) 

0.0 

Vapor  permeability  (g/mV  24  hours) 

0.06 

Impact  strength  (kg/cm* sec*) 

12-15 

Frictional  coefficient 

0.30  -  0.35 

new  rubberlike  polymer  "Hypalon  S-2"  has  been  produced  from 

polyethylene 

/  1 

\  i' 

I  -Clla-CHa— Clla-C— ( '.Ha 

-CIIa-CHa- 

-f 

\  Cl 

/  >2  SOaCl 

by  the  action  of  Clj  and  SOj  on  polyethylene  (number-average  molecular  weight  20,000).  This  chlorosulfonated 
polyethylene  contains  1  chlorine  atom  per  7  carbon  atoms,  and  one  SOjCl  group  per  100  carbon  atoms.  Its  den¬ 
sity  is  1.1  g/cc;  it  is  soluble  in  aromatic  and  chlorinated  hydrocarbons.  It  has  high  resistance  to  ozone,  light, 
and  heat,  and  is  very  resistant  to  abrasion;  it  is  chemically  inert  to  chlorine  and  nitric  acid.  It  is  elastic  at  low 
temperatures  (  — 5G  to —62*),  is  nonflammable  and  can  be  vulcanized;  it  is  superior  to  all  other  rubbers  in  fatigue 
strength;  its  elongation  at  break  is  400  —  SOO^o.  Hypalon  coatings  can  withstand  over  160,000  flexing  cycles 
without  cracking  [12]. 
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Hypalon  is  suitable  for  insulation  of  low-voltage  leads  carrying  up  to  1000  v.  It  is  used  as  a  packing  ma«- 
terial  in  generators,  for  cable  insulation,  for  chemically  resistant  hose,  conveyor  belts,  etc. 

Polypropylene.  Propylene  is  present  in  the  products  of  cracking  of  petroleum  hydrocarbons;  these  products 
contain  more  propylene  than  ethylene,  and  it  polymerized  more  readily  in  presence  of  metal-containing  catalysts 
to  yield  a  polymer  with  very  valuable  properties  [13], 

The  Montecatini  Company  (Italy)  has  produced  a  new  thermoplastic  material  "Moplen",  which  is  "isotac¬ 
tic"  polypropylene.  Natta  el  al.  [14]  showed  that  catalytic  polymerization  of  a-olefins  and  styrene  yields  crys¬ 
talline  linear  polymers,  termed  "isotactic",  with  a  strictly  regular  "head  to  tail"  stnicture  formed  by  alterna¬ 
tion  of  the  tertiary  carbon  atoms  with  the  same  spatial  configuration  in  the  principal  chain: 

I(  l\  II  H  11  II  H  II 

I  I  I  I  I  I  I  I 

. . -c-c-c. . . 

I  I  I  I  I  I  I  I 

II  II  II  II  II  II  II  II 

All  the  R  groups  lie  on  one  side  of  the  plane  of  the  principal  chain.  This  distinguishes  them  from  ordinary  or 
"atactic"  amorphous  polymers,  which  do  not  have  a  regular  stnicture  in  the  polymer  chain: 

II  II  II  II  II  II  II  II 

I  I  I  I  I  I  I  I 

. . .  c— c— c. . . 

I  I  I  I  I  I  I  I 

II  II  II  II  II  H  II  M 

where  the  R  groups  are  partly  below  and  partly  above  the  plane  of  the  principal  chain. 

The  chains  are  of  spiral  form  in  the  crystalline  state.  The  identity  period  of  the  unit  cell  along  the  chain 
axis  is  6.4  “  6.6  A,  which  corresponds  to  these  monomer  units. 

In  "isotactic"  polymers  all  the  structural  elements  of  the  chain  rotate  the  plane  of  polarization  of  light 
in  one  direction,  owing  to  the  equal  configuration  of  the  carbon  atoms  in  the  chain.  According  to  Natta,  the 
polymerization  mechanism  is  anionic,  so  that  polymerization  can  be  effected  under  the  most  favorable  condi¬ 
tions  for  an  ordered  spatial  arrangement  of  the  monomer  units,  i.e.,  without  branching  due  to  chain  transfer  or 
to  copolymerization  of  the  monomer  with  the  low-molecular  polymers  formed. 

"Isotactic"  polypropylene  is  formed  by  the  polymerization  of  propylene  in  heptane  in  presence  of  TiCls  + 
AlfCiHsls  catalyst  at  30—  70*  for  20  —  40  hours.  The  polymer  is  insoluble  in  heptane,  and  is  precipitated  in  the 
form  of  a  powder.  Its  molecular  weight  is  270,000  —  485,000  [15].  The  activation  energy  of  propylene  poly¬ 
merization  is  11.3±0.5  kcal/mole  [16]. 

Polypropylene  has  a  fibrous  structure  and  is  therefore  suitable  for  fiber  production.  Its  softening  tempera¬ 
ture  is  150°.  Polypropylene  films  are  superior  to  polyamide  in  mechanical  properties.  Polypropylene  articles 
have  higher  resistance  to  heat  and  chemical  attack  than  articles  made  from  low-pressure  polyethylene.  Poly¬ 
propylene  is  highly  promising  as  a  dielectric  of  high  chemical  resistance  and  very  low  moisture  absorption.  Its 
dielectric  constant  is  2.0  —  2.1,  the  tangent  of  the  dielectric  loss  angle  is  2*10"^,  the  resistivity  is  8»10^®  ohm  • 
•cm,  and  the  breakdown  voltage  is  30  kv/mm.  The  dielectric  properties  of  polypropylene  are  almost  indepen¬ 
dent  of  atmospheric  humidity  [17].  Because  of  the  high  elasticity  modulus,  polypropylene  articles  retain  their 
shape  under  considerable  loads,  and  have  high  impact  strength;  they  can  be  worked  at  temperatures  close  to  the 
melting  point.  The  specific  gravity  of  Moplen  at  20“  is  0.90,  the  melting  point  is  between  164  and  168°,  the 
tensile  strength  is  330  —  360  kg/cm*,  the  elongation  at  break  is  400  to  800%,  and  the  bending  strength  is  from 
8,000  to  10,000  kg/cm*. 

Moplen  is  resistant  to  80%  H1VSO4,  50  —  94%  HNO3  and  40%  NaOH.  It  is  insoluble  in  organic  solvents  at 
20*  and  does  not  swell  in  oils,  hi  absence  of  atmospheric  oxygen  it  can  be  heated  to  300*  without  depolymeri¬ 
zation  for  many  hours. 


The  action  of  sunlight  makes  it  brittle  after  several  months.  High-energy  radiation  results  in  the  formation 
of  cross-linked  polymers.  Moplen  can  be  easily  extruded  at  175  —  220®,  blown  at  170  —  210",  cast  under  pressures 
of  700—  1200  kg/cm*,  and  molded  by  direct  pressure  (into  plates  and  blocks)  at  200  —  250*  under  100—  120 
kg/cm*  pressure.  Pipes  are  made  by  the  centrifugal  method.  Metal  articles  can  be  coated  by  spraying  or  by 
immersion  of  the  articles,  heated  to  250  —  300",  into  the  melted  polymer.  Moplen  can  be  welded  [18]. 

Moplen  is  used  for  refrigerator  parts,  storage  cell  containers,  and  automobile  parts.  Films  are  suitable  as 
insulating  coatings  for  leads  and  cables.  Polypropylene  yields  fibers  with  good  electrical  and  thermal  insulation 
properties,  similar  to  wool  or  silk  in  appearance. 

Polypropylene  is  being  produced  in  the  USSR,  Italy,  France,  USA,  England,  and  Germany. 

The  copolymerization  of  ethylene  with  propylene  in  presence  of  trihexylaluminum  +  vanadyl  chloride 
catalyst  should  be  mentioned.  The  copolymers  are  completely  amorphous,  have  rubberlike  elasticity,  and  are 
good  nonvulcanizable  elastomers  [19]. 

Rubbers.  The  development  of  modern  technology  demands  a  wide  range  of  rubbers  with  different  properties. 
It  is  not  possible  to  describe  within  the  limits  of  this  article  all  the  new  types  of  rubbers  developed  in  recent  years. 
Therefore  only  the  most  outstanding  achievements  in  this  field  are  mentioned;  fuller  details  are  given  in  special 
reviews  [20,  21]. 

Natta  et  al.  [22]  studied  the  stereospecific  polymerization  of  diolefins  and  obtained  four  polymers  of  buta¬ 
diene,  crystalline  at  room  temperature  (see  scheme):  III  polybutadiene  ("isotactic"),  with  1,  2  chain  configura¬ 
tion,  sp.  gr.  0.96,  m.  p.  125*;  IV  polybutadiene,  with  1,  2  chain  configuration  ( "syndiotactic"),  sp.  gr.  0.96, 
m.  p.  155*;  II  polybutadiene  with  1,4-trans  chain  configuration,  sp.  gr.  1.02,  m.  p.  140*,  and  I  polybutadiene 
with  1,4-cis  chain  configuration 


Cll  (’HM’.ll  CU.CM  (MI.  CM  -CMg  Clh=(MI. 

II  (■  II  j-  II  r  II  ('■  II  i-  II  (■ 

I  "  I  "  V  "  I  "  r  "  I  "  I 

M  M  M  M  11  M  11 


Cl!  (in.,  H  CU-=CII..  M  CM  (Ml.,  M 

I  "  I  I  “  I  I 

II  II  II  II  H  II  II 

,'/"i'i\,;/ 1  I  I,  I 

I  I  ('iircii,|  I  ('ii-rn,|  I  cn  cii,| 


II 


II 


II 


II 


II 


II 


II 


III 


IV 


"Syndiotactic"  polybutadiene  differs  from  other  isomeric  polybutadienes  in  that  the  vinyl  groups  are  ar¬ 
ranged  alternately  above  and  below  the  plane  of  the  principal  chain. 

The  "isotactic"  polymer  of  butadiene-1,2  has  a  spiral  structure  in  the  crystalline  state.  The  "syndiotactic" 
polymer  of  butadiene- 1,2  differs  greatly  from  it  in  stnicture.  It  is  a  high-melting  crystalline  polymer  of  linear 
structure,  not  rubberlike.  It  is  an  example  of  a  polymeric  hydrocarbon  of  high  molecular  weight,  containing 
asymmetric  carbon  atoms  with  relatively  larger  substituent  groups,  and  remaining  crystalline. 
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The  polymer  of  1.4-cisbutadiene  has  a  lower  glass-transition  temperature  and  greater  chain  mobility 
that  other  stereoisomeric  polybutadienes.  The  1,4-cis  polymers  are  of  interest  owing  to  their  better  elastic  pro¬ 
perties. 

Synthetic  cis-l,4-polyisoprene  rubber,  close  in  stmcture  and  properties  to  natural  rubber,  Is  of  great  inter¬ 
est.  This  type  of  rubber  is  made  in  the  USSR  under  the  name  of  SKI,  and  in  the  USA  it  is  known  as  "Ameripol 
SN". 

1.4-transpolyisoprene  has  a  crystalline  structure  characteristic  of  the  y  and  8  forms  of  natural  gutta-p)ercha. 
Noteworthy  among  tlie  new  copolymers  of  butadiene  are  Philprenes  P-15  and  P-25,  which  copolymers  of  buta¬ 
diene  with  2-methylvinylpyridine  (the  numbers  indicate  the  percentage  contents  of  the  latter  in  the  copolymer). 
These  copolymers  are  highly  resistant  to  oils,  are  readily  vulcanized,  have  excellent  low -temperature  properties, 
and  are  suitable  for  the  production  of  tires  with  high  wear  resistance  [23], 

Of  great  interest  are  the  polyurethane  rubbers  from  glycol  polyesters  and  diisocyanates,  which  have  ex¬ 
ceptional  resistance  to  thermal  aging  and  the  action  of  oxygen,  ozone,  and  oils  [24], 

A  new  group  of  rubbers  consists  of  carboxylated  elastomers,  made  by  copolymerization  of  acrylic  or  meth- 
acrylic  acid  with  dienes.  Ditroduction  of  carboxyl  groups  increases  their  hardness  and  strength  and  makes  them 
more  easily  vulcanized  by  bivalent  metals,  the  process  being  complete  in  48  hours  at  20*.  The  vulcanizates 
have  high  strength  (175“  400  kg/cm*)  and  extensibility  (400  —  600*^),  and  are  more  resistant  to  ozone  and  oils. 
The  chief  defect  is  poor  resistance  to  repeated  deformation  [25]. 

A  very  interesting  copolymer  is  a  new  fluorine-containing  rubber,  Viton  A,  Viton  A  Is  a  linear  copolymer 
of  vinylidene  fluoride  and  hexafluoropropylene,  containing  about  65%  fluorine.  Its  molecular  weight  is  relative¬ 
ly  low  (~60,000)  in  comparison  with  other  elastomers.  The  vulcanizates  have  high  strength  and  elasticity  after 
prolonged  exposure  to  air  or  oils  at  high  temperatures.  At  315“  370*  specimens  retain  their  shape  and  do  not 
char  or  burn.  Viton  A  is  stable  up  to  350*,  has  high  resistance  to  heat  and  chemical  attack,  and  excellent  me*' 
chanical  properties  [26]. 

Polysiloxane  rubbers 


CHg 

I 

—Si— O— 

I 

Cllg 


have  high  heat  resistance;  they  can  be  heated  to  250“  and  retain  constant  elastic  modulus  and  elasticity  over  a 
wide  temperature  range  owing  to  the  considerable  flexibility  of  the  “Si ~0“  bond.  Their  average  molecular 
weight  is  600,000  “  900,000  [27],  and  they  can  withstand  temperatures  down  to  “65*.  The  introduction  of  a 
small  quantity  of  phenyl  groups  in  place  of  methyl  in  the  molecule  of  polydimethylsiloxane  rubber  improves  its 
frost  resistance,  raising  it  to  “*90*  [28]. 

Introduction  of  fluorine  atoms  into  the  molecule  of  polysiloxane  mbber  (Silastic  LS-53)  yields  a  rubber 
which  combines  the  properties  of  polysiloxane  rubber  with  those  of  solvent-resistant  fluorinated  plastics  [29]. 

Polystyrene  and  its  derivatives.  Styrene  polymer,  first  made  in  1839,  is  one  of  the  first  synthetic  polymers. 
The  first  attempts  to  use  polystyrene  for  technical  purposes  met  considerable  difficulties,  owing  to  its  rapid  aging, 
spontaneous  degradation,  and  brittleness.  It  was  only  gradually,  as  the  various  difficulties  associated  with  the 
production  of  the  pure  monomer  and  with  the  introduction  of  modern  polymerization  methods  were  overcome, 
that  polymers  with  standard  and  consistent  properties  could  be  obtained.  Since  then  polystyrene  has  been  used 
not  only  in  electrical  and  radio  engineering,  but  also  in  other  branches  of  industry.  The  extensive  use  of  poly¬ 
styrene  in  industry  is  hindered  by  its  low  softening  temperature  (80*)  and  inadequate  strength  characteristics. 
To  increase  the  resistance  to  heat  and  to  cracking  ("silvering"),  styrene  is  now  being  cross  linked  by  the  intro¬ 
duction  of  p-divinylbenzene  in  the  polymerization  process  (this  gives  a  maximum  heat  resistance  of  105“).  or 
by  the  action  of  atomic  radiation.  Irradiated  polystyrene  can  withstand  temp>eratures  up  to  250*  without  appre¬ 
ciable  changes. 
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Styrene  with  1  methyl  group  introduced  in  the  benzene  ring  (vinyltoluene) 


cii=cn2 


yields  polymers  with  higher  heat  resistance,  especially  if  the  substituent  group  is  in  the  ortho  position  relative 
to  the  double  bond.  The  maximum  heat  resistance  is  110*.  It  has  been  reported  that  polymethylstyrenes  are 
more  stable  than  polystyrene  to  the  action  of  boiling  water  [31].  The  heat  resistance  is  increased  further  by  the 
introduction  of  two  methyl  groups  in  the  benzene  ring: 


CH=GH.. 

I 

GH3-I  II-CH3 

Dimethylstyrene  (vinylxylene)  polymers  are  colorless,  transparent,  hard  thermoplastic  masses,  soluble  in 
aromatic  and  chlorinated  hydrocarbons.  The  heat  resistance  of  polydimethylstyrenes  is  144  “  148*,  i.e.,  nearly 
double  the  heat  resistance  of  unsubstituted  polystyrene.  Of  the  three  isomeric  dimethylstyrenes,  2,5-dimethyl¬ 
styrene  (p-vinylxylene)  has  the  greatest  polymerization  rate  and  the  best  properties. 

The  dielectric  properties  of  dimethylstyrene  polymers  are  similar  to  those  of  polystyrene,  and  change 
little  with  temperature  up  to  145*  [32]. 

Polymers  of  even  higher  heat  resistance  are  formed  if  fluorine  atoms  are  introduced  into  the  vinyl  group. 
The  monomer  a,  0,  0-trifluorostyrene,  containing  the  CF  =  CFj  group, 


CFr^CF.. 

j 

\  I! 


can  be  polymerized  in  emulsion  to  yield  a  very  interesting  polymer  which  combines  the  properties  of  polystyrene 
and  Teflon.  It  is  very  heat- stable  material  with  softening  point  240*  and  low  dielectric  loss:  the  dielectric  con¬ 
stant  is  2.56,  and  the  tangent  of  the  dielectric  loss  angle  is  (1  “  3)  •  10"®.  It  resembles  the  fluoroethylene  poly¬ 
mers  in  this  respect.  In  addition,  it  resembles  polystyrene  in  its  solubility  in  a  number  of  organic  solvents.  The 
copolymers  of  a,  0,  0-trifluorostyrene  with  styrene  soften  at  160*,  and  with  trifluorochloroethylene,  at  195*  [33]. 

Natta  [34]  showed  that  when  styrene  is  polymerized  in  presence  of  Ziegler  catalyst  [TiCl4+(i-C4H9)s  Al] 
under  the  conditions  described  for  the  polymerization  of  a-olefins  it  yields  a  crystalline  polymer.  By  taking 
advantage  of  the  different  solubilities  of  amorphous  (soluble)  and  crystalline  (difficultly  soluble)  polystyrenes, 
it  is  possible  to  obtain  "isotactic"  polystyrene,  with  m.p.  230*  and  molecular  weight  100,000—  1,000,000,  in 
the  pure  state.  Very  little  information  on  the  properties  of  the  new  polystyrene  is  available  as  yet,  and  there¬ 
fore  it  is  difficult  to  define  the  fields  of  its  practical  applications. 

The  production  of  high-strength  polystyrene  by  mechanochemical  methods  is  of  great  interest.  Polymer 
mixtures  (styrene,  nitrile  rubber)  are  ground  in  special  equipment  in  a  nitrogen  atmosphere,  with  rupture  of  the 
polymer  chains.  The  free  ends  of  such  broken  chains  join  to  the  ends  of  other  broken  chains,  from  the  other  poly¬ 
mer,  forming  new  polymeric  materials  consisting  of  individual  "blocks"  or  pieces  of  two  different  polymers.  The 
strength  of  the  copolymer  (impact  and  bending  strength)  is  1.5  times  that  of  polystyrene  [35]. 
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These  examples  illustrate  the  possibilities  of  modifying  the  properties  of  known  polymers  by  the  use  of 
fundamentally  new  polymerization  methods. 

Polyparaxylylene.  The  development  of  modern  technology  calls  for  new  polymer  materials  with  high 
softening  temperatures  and  adequate  thermal  stability.  Therefore  in  recent  years  there  has  been  increased  inter¬ 
est  in  polymers  containing  cyclic  groups  in  the  principal  chains  [36].  Polymers  consisting  entirely  of  benzene 
rings 

have  very  high  thermal  stability.  Condensation  of  p-dichlorobenzene  with  a  liquid  melt  of  potassium  and  so¬ 
dium  yielded  a  polymer  of  a  dark  brown  color,  probably  due  to  the  presence  of  a  quinoid  stmcture  in  the  benzene 
rings.  This  polyphenylene  did  not  melt  up  to  550*,  but  lost  hydrogen  at  500*.  Polymers  containing  only  ring 
stmctures  in  the  principal  chain  have  the  disadvantage  of  brittleness.  Therefore  investigators  directed  their  at¬ 
tention  to  searches  for  methods  for  production  of  new  polymers  containing  elastic  units  (CH*  groups,  oxygen 
atoms,  etc.)  in  addition  to  rings  in  the  principal  chains.  An  example  of  a  compound  of  this  type  is  polyparaxy¬ 
lylene,  formed  by  pyrolysis  of  paraxylene  in  vacuum  at  1000*. 

First  l,4-dimethylene-2,4-cyclohexadiene  is  formed: 

\=/ 

and  this  polymerizes  to  yield  polyparaxylylene  [37]: 

nCH2=/  ^=Cllo-^(:n.,-CH.,-(^  GHz-. 

This  is  a  crystalline  infusible  polymer,  insoluble  in  the  common  organic  solvents,  and  with  very  high  heat  resis¬ 
tance.  The  polymer  does  not  soften  in  vacuum  at  380*;  at  400*  it  melts  with  decomposition.  Thus,  polyparaxy¬ 
lylene  is  close  to  Teflon  in  its  heat  resistance.  Plasticized  polyparaxylylene  has  up  to  GOO^o  extensibility,  and 
is  an  excellent  heat-resistant  dielectric,  having  tan  6  =8.10”4^  dielectric  constant  3.3,  and  volume  resistivity 
2.10^®  ohm  ’cm. 

Polymers  of  fluorine  compounds.  A  large  number  of  different  fluoroethylene  polymers  with  very  valuable 
technical  properties  can  be  obtained  by  the  introduction  of  different  numbers  of  fluorine  atoms  into  the  ethylene 
molecule.  Polymers  of  tetrafluoroethylene  (Ftoroplast-4  in  the  USSR,  Teflon  in  the  USA)  and  triflu orochloro- 
ethylene  (Ftoroplast-3  in  the  USSR,  Kel-F  in  the  USA,  and  Hostaflon  in  Federal  Germany)  are  widely  known.  The 
copolymer  of  vinylidene  fluoride  and  hexafluoropropylene  (Viton  A)  is  a  new  and  very  thermostable  rubber  with 
high  chemical  resistance  and  excellent  mechanical  properties.  Various  fluorina'ted  butadienes  have  been  prepared, 
including  1,1-difluorobutadiene  and  hexafluorobutadiene.  1,1-Difluorobutadiene  polymerizes  on  standing  to 
yield  a  rubber  [38].  By  regulation  of  the  copolymerization  [39]  of  perfluorovinyl  and  perfluorobutadiene  it  is 
possible  to  obtain  various  polymers,  ranging  from  solid  thermoplastic  resins  to  waxes  and  oils.  Solid  thermo¬ 
plastic  and  heat-resistant  polymers  have  been  obtained  from  a,  B,  6 -trifluorostyrene,  5,  6"difluorostyrene,  and 
a,  0-difluorostyrene.  A  vinyl  trifluoroacetate  polymer  has  been  described;  this  is  harder  and  has  a  higher  soften¬ 
ing  temperature  than  polyvinyl  acetate  [40].  Various  fluorinated  organosilicon  compounds  of  higii  thermal  sta¬ 
bility  have  also  been  prepared  [41].  Modification  of  siloxane  rubbers  with  Ftoroplast-4  improves  their  properties; 
the  tearing  strength  and  oil  resistance  at  elevated  temperatures  are  increased  2  to  3-fold  [42].  Ftoroplast-4  has 
exceptional  chemical  resistance  to  almost  all  corrosive  media,  including  powerful  oxidizing  agents  up  to  250  — 
300*. 

Ftoroplast-4  is  one  of  the  most  thermostable  polymers;  it  decomposes  at  temperatures  above  400*,  yielding 
tetrafluoroethylene  as  the  primary  decomposition  product  [43].  The  remarkable  dielectric  properties  of  Ftoro¬ 
plast-4,  which  are  virtually  independent  of  temperamre  and  frequency,  together  with  its  high  thermal  stability. 


make  it  an  indispensable  insulating  material,  especially  at  high  and  ultrahigh  frequencies.  Especially  impor¬ 
tant  characteristics  of  Ftoroplast-4  are  that  it  is  not  wetted  or  swollen  by  water.  Insulating  materials  made 
from  Ftoroplast-4  can  therefore  be  used  in  conditions  of  high  humidity,  as  its  dielectric  properties  are  not  af¬ 
fected  [44].  However,  it  also  has  important  disadvantages:  its  adhesion  to  metals  and  other  materials  is  poor, 
so  that  its  uses  for  lining  equipment  are  restricted.  Neither  can  it  be  used  for  coatings,  because  it  is  insoluble 
in  all  known  organic  solvents.  It  has  been  reported  that  satisfactory  adhesion  may  be  produced  by  surface  treat¬ 
ment  of  Ftoroplast-4  with  a  solution  of  metallic  sodium  in  liquid  ammonia.  There  are  also  reports  of  good  ad¬ 
hesion  of  Ftoroplast-4  to  aluminum,  carbon  steel,  and  wood. 

Aqueous  suspensions  of  Ftoroplast-4  are  used  for  film  casting,  and  impregnation  of  fibers  and  porous  metals 
[45].  A  process  for  the  production  of  a  new  synthetic  fiber,  "Ftorlon",  from  fluorinated  copolymers  has  been 
worked  out  in  the  USSR.  The  strength  of  Ftorlon  is  unaffected  by  prolonged  treatment  with  concentrated  nitric 
acid  or  hydrogen  peroxide.  It  is  stronger  than  nylon  or  capron. 

Ftoroplast-3  is  used  for  much  the  same  purposes  as  Ftoroplast-4.  Ftoroplast-3  has  extremely  high  volume 
resistivity  and  good  dielectric  strength.  It  can  therefore  be  used  as  a  dielectric  in  high-current  technology  and 
in  particularly  important  components.  Ftoroplast-3,  like  Ftoroplast-4,  does  not  exhibit  flow  in  the  cold,  and  has 
high  hardness.  Ftoroplast-3  decomposes  at  300  —  315“. 

Films  of  Ftoroplast-3,  130—  150  p  thick,  have  tensile  strength  290  —  350  kg/cm*  and  relative  elongation 
140—  \SQPjo.  Ftoroplast-3  is  also  difficult  to  apply  in  the  form  of  coatings  to  metal  surfaces.  In  recent  years 
the  Scientific  Research  Institute  of  the  Plastics  Industry  and  the  State  Institute  of  Applied  Chemistry  have  de¬ 
veloped  a  technique  for  applying  it  from  suspensions.  The  coatings  withstood  the  action  of  concentrated  nitric 
acid  at  50“  for  at  least  6  months.  The  production  of  oils,  greases,  and  powders  based  on  Ftoroplast-3  polymers 
has  also  been  achieved  in  the  USSR  [46]. 

PHYSICAL  AND  MECHANICAL  PROPERTIES  OF  FLUORINATED  PLASTICS  [44] 


Properties 

Ftoroplast-4 

Ftoroplast-3 

Density  (g/cc) 

2.1  -  2.3 

2.09  -  2.16 

Melting  point  of  crystals  (“C) 

327 

208 

Glass-transition  point  of  amorphous 
phase  (“C) 

-120 

55 

Maximum  working  temperature  in  use 
(*C) 

cal  i 

Heat  conductivity  (  —  sec-"C — 

from  —  269  to  +  250* 

6 

from  —  195  to  +  100' 

1.4 

Specific  heat  (cal/g»"C) 

0.25 

0.22 

Water  absorption  in  24  hours  (®7o) 

0.00 

0.00 

Tensile  strength  (kg/cm*): 
not  hardened 

hardened 

140  -  200 

160-  250 

350-400 

300-350 

Relative  elongation  at  break  (^o) 

250-500 

100-200 

Static  bend  strength  (kg/cm*) 

110-140 

600-800 

Elastic  bending  modulus  (kg/cm*) 

4700-8500 

11600-  14500 

Specific  impact  viscosity  (kg*cm/cm*) 

>100 

20-160 

Brinell  hardness  (kg/mm*) 

3-4 

10-13 

Volume  resistivity  (ohm* cm) 

>io” 

io“ 
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Properties 


Ftoroplast-4 


Ftoroplast-3 


Dielectric  strength  (kv/mm), 
for  thickness: 

4  mm  25  •“  27  — 

2  mm  ““  13 

Dielectric  constant: 

at  60  cps  1.9  “*2.2  3,0 

atio'cps  1.9 -2.2  2.5 -2.7 

Tangent  of  dielectric  loss  angle: 

at  60  cps  0.0002  0.015 

at  10®  cps  0.0002  0,010 


Polymers  of  Ox  y  gen  -  Cont  a  i  n  i  n  g  Compounds 

Polyformaldehyde.  A  new  method  of  formaldehyde  polymerization  has  recently  been  de¬ 
veloped.  yielding  polymers  with  fiber-forming  and  film-forming  properties;  the  fibers  have  satisfactory  strength 
and  thermal  stability. 

It  is  known  that  formaldehyde  is  a  very  reactive  compound,  capable  of  polymeriMtion.  Formaldehyde 
polymers  were  first  prepared  by  Butlerov,  Much  work  on  the  polymerization  of  formaldehyde  was  done  by 
Staudinger,  but  the  polymers  obtained  did  not  have  sufficiently  high  molecular  weight,  and  had  poor  mechanical 
properties.  The  chemists  of  the  Du  Pont  Company  (USA)  have  found  that  formaldehyde  polymerizes  by  an  ionic 
mechanism: 

(I 

—  H  I  _ 

MO-f  C  =  0 - HO-C— ()• 

M  I 

U 

Therefore  the  formation  of  formaldehyde  polymers  (— CHj— 0)n  of  high  molecular  weight  requires  the  use 
of  dry  formaldehyde,  containing  very  little  water,  and  free  from  methanol;  polymerization  is  then  quite  simple. 

For  preparation  of  pure  and  dry  formaldehyde,  a  solid  polymer  of  the  usual  type  is  prepared  by  the  action 
of  acids  on  aqueous  formaldehyde  solutions.  This  polymer,  containing  99.7  —  99,9^  formaldehyde,  is  warmed; 
gaseous  formaldehyde  is  formed,  which  is  purified,  dried,  and  used  for  polymerization.  The  gaseous  formalde¬ 
hyde  is  passed  into  a  thoroughly  stirred  solvent  containing  catalyst  (0,1*70).  The  formaldehyde  rate  must  corres¬ 
pond  to  the  polymerization  rate.  Primary  amines  and  other  compounds  are  used  as  catalysts  [47],  A  white  pre¬ 
cipitate  is  formed,  which  can  be  converted  into  fibers  and  strong  transparent  films  of  high  thermal  stability. 
Films  are  made  bycastingat  190  —  250*  under  105  atmos  pressure. 

Fibers  are  formed  by  melt  spinning  followed  by  hot  drawing.  Polyformaldehyde  has  the  trade  name  Delrin; 
it  is  a  linear  highly  crystalline  polymer  melting  at  163*.  It  resembles  nylon,  but  absorbs  less  moisture.  Its  ten¬ 
sile  strength  is  700—  1030  kg/cm*;  the  bending  strength  is  1000  kg/cm*;  water  absorption  in  24  hours,  0.4*70;  ex¬ 
tensibility  at  20*,  13  —  38*70,  and  at  70*,  330“ 461*7o;  sp.  gr.  1.425;  bending  modulus  28,700  kg/cm*. 

The  following  products  made  from  Delrin  have  become  widely  used  in  recent  years:  pipelines  for  gaso¬ 
line,  bearings,  rods,  clutches,  sheets,  shaped  articles,  cable  insulation,  and  domestic  goods  (plates,  cups,  etc.) 
[48]. 

This  new  and  interesting  polymer  is  likely  to  find  extensive  uses  in  various  branches  of  technology. 

Ethylene  oxide  polymers.  In  the  USA  polymers  are  being  made  from  ethylene  oxide;  they  are  soluble  in 
water  and  are  used  as  emulsifiers  and  thickeners  in  the  textile  industry.  The  method  used  for  the  production  of 
high-molecular  polyformaldehyde  was  applied  to  the  production  of  ethylene  oxide  polymers,  and  polymers  of 
high  molecular  weight  were  obtained;  these  are  known  as  "Polyox"  and  have  the  structure  (“ CH2”CH2— O— )jj. 
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Ethylene  oxide  is  polymerized  at  70  —  HO*  for  90  minutes  in  presence  of  strontium  carbonate  (0.1  “  0.b%). 
This  yields  a  crystalline  polymer  (~95%);  its  molecular  weight  reaches  3,000,000,  m.  p.  66*,  density  1,15- 
1.26  g/cc.  The  polymer  is  soluble  in  chloroform  and  dichloroethane,  and  is  miscible  with  water  in  all  propor¬ 
tions.  The  intrinsic  viscosity  of  aqueous  solutions  reaches  20,  so  that  the  solutions  have  unusual  properties.  The 
polymer  gives  rise  to  flexible  films  which  have  high  crystallinity  when  dried  [49], 

Poly-3, 3 '-bischloromethyloxacyclobutane.  A  new  thermoplastic  polymer,  produced  experimentally  by 
the  Du  Pont  Company  under  the  name  of  "Penton",  has  recently  attracted  the  attention  of  scientists  and  technol¬ 
ogist,  "Penton"  is  a  chlorinated  polyether  with  interesting  physical,  mechanical,  and  dielectric  properties. 

In  studies  of  the  reactivity  of  four-membered  oxacyclobutane  rings  it  was  found  that  compounds  of  this  type  can 
be  converted  into  linear  polyethers  by  the  action  of  electrophilic  agents  [50].  A  compound  of  special  interest  is 
3, 3 '-bischloromethyloxacyclobutane 


CH2CI 
I  /CHo. 
c<;  >0, 

I  VJI2/ 

GH2CI 

which  undergoes  cationic  polymerization  with  rupture  of  the  oxide  ring  to  form  a  linear  crystalline  polymer 


CHaCI 

I 

— Gilo— C— CH2— O— 

I 

GH2GI 

containing  45.5%  chlorine.  This  polymer,  known  as  "Penton",  was  made  in  the  USA  in  1955,  and  in  England, 
USSR,  and  Japan  in  1956. 

In  1957  nearly  all  the  polymer  journals  contained  articles  on  "Penton",  with  descriptions  of  the  properties 
of  this  new  material.  The  starting  material  for  the  synthesis  is  pentaerythritol.  The  synthesis  of  3,3 '-bischloro¬ 
methyloxacyclobutane  is  effected  according  to  the  following  scheme: 

GIIaGl  GH2GI 

I  KOII  I 

G-GII2GI  i  GH2— G - GHg 

I  I  I 

GH2OH  GH2— O 

The  yield  at  the  first  stage  of  the  process  is  60  —  70%,  and  at  the  second  85%;  the  product  has  b.p.  83*  (11  mm) 
and  m.p.  18.75".  The  bulk  polymerization  of  3, 3 '-bischloromethyloxacyclobutane  proceeds  very  vigorously  and 
is  difficult  to  control,  and  therefore  the  polymerization  is  performed  in  solvents  in  presence  of  gaseous  BF3  or 
BF3  etherate  at  low  temperatures  (from  0  to  -70*).  Water  inhibits  the  polymerization  process,  but  traces  of  water 
are  necessary  as  a  co-catalyst.  The  crystalline  polymer  has  m.p.  180*  and  molecular  weight  30,000.  The  poly¬ 
mer  is  insoluble  in  the  usual  organic  solvents  and  is  not  flammable. 

The  chloromethyl  group  in  3,3'-bischloromethyloxacyclobutane  is  linked  to  a  carbon  atom  which  enters 
the  principal  polymer  chain.  Therefore  the  6  position  does  not  contain  any  hydrogen  atoms  capable  of  forming 
HCl.  Consequently  the  polymer  must  be  thermostable.  In  fact,  Penton  can  be  worked  at  temperatures  up  to 
285*.  Penton  can  be  used  for  the  production  of  articles  of  strictly  predetermined  dimensions,  without  internal 
stresses  and  capable  of  retaining  their  dimensions.  The  water  absorption  of  Penton  is  0.01%,  Because  of  this, 
Penton  articles  are  dimensionally  stable  even  if  they  pass  from  a  dry  to  a  moist  medium.  The  tensile  strength 
at  100*  is  245  kg/cm*,  and  in  boiling  water  is  is  210  kg/cm*.  This  property,  in  conjunction  with  the  very  low 
creep,  makes  Penton  very  promising  for  industrial  purposes.  The  extensibility  at  23*  is  35%,  and  at  100*.  200  — 
250%.  Penton  is  one  of  the  most  chemically-resistant  plastics,  occupying  an  intermediate  position  between  the 


GH2OH 

I  sor  1 

HOGH2G-GII2OH  GH2GI- 

I  pyridine 

GH2OH 


fluorinated  plastics  and  vinyl  chloride  and  styrene  polymers.  It  can  be  converted  into  fibers  of  good  chemical 
resistance  and  high  tensile  strength.  Penton  is  intermediate  between  polyethylene  and  polyamides  in  its  di¬ 
electric  properties.  Tests  on  Penton  showed  that  after  exposure  to  water  for  one  year  its  surface  resistivity  fell 
from  5«10^®  ohms  to  3*10^®  ohms.  The  dielectric  constant  of  Penton  is  2,9,  and  the  tangent  of  the  dielectric  loss 
angle  is  0.015. 

No  changes  of  any  kind  were  found  in  a  valve  made  from  Penton  after  exposure  to  steam  at  27  atmos  and 
160*  for  18  months.  Penton  gear  wheels  underwent  only  slight  deformation  after  1000  hours  of  rotation  at  1000 
r.p.m.  Penton  is  recommended  for  chemical  equipment,  separator  rings,  bearings,  watch  mechanisms,  films, 
and  for  production  of  ropes  and  cables  [51], 

Poljrcarbonates.  Polycarbonates  are  aromatic  polyesters  derived  from  carbonic  acid.  They  form  a  new 
group  of  thermoplastics  with  valuable  properties.  Polycarbonates  are  made  from  the  very  highly  reactive  4,4*- 
dihydroxydi phenyl  alkanes  by  interaction  with  phosgene  or  carbonate  diesters,  according  to  the  following  equa¬ 
tions  [52]; 
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(the  reaction  is  effected  at  150  —  300*;  it  is  useful  to  add  catalysts  such  as  PbO,  ZnO,  etc.;  the  molecular  weight 
of  the  polycarbonates  formed  is  50,000), 
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In  this  case  the  molecular  weight  of  the- polycarbonates  is  150,000  (measured  by  the  osmotic  method). 

The  solid  polycarbonates  have  high  melting  f)oints:  170  “  260*  and  300*.  They  are  soluble  in  aromatic 
and  chlorinated  hydrocarbons;  they  are  stable  for  a  long  time  in  melt  form;  cooled  melts  yield  colorless  trans¬ 
parent  films. 

Polycarbonates  are  used  in  the  form  of  fibers,  films,  and  coatings.  They  are  molded  by  pressing  and  cast¬ 
ing. 

Polycarbonates  are  crystalline  polymers  of  density  1.17  ”■  1.22;  they  can  be  readily  oriented.  Polycarbo¬ 
nates  are  water-repellent  and  have  high  chemical  resistance,  especially  to  acids  (HF,  NHOj)  and  solutions  of 
strong  oxidizing  agents;  the  water  absorption  is  0.16'^l),  and  the  gas  absorption  is  low;  they  are  resistant  to  ali¬ 
phatic  and  cycloaliphatic  hydrocarbons,  higher  alcohols,  oils,  and  fats. 

A  film  of  Lexan  (USA,  Federal  Germany)  polycarbonate  did  not  become  colored  and  its  mechanical  pro¬ 
perties  were  unchanged  after  72  hours  of  exposure  to  ultraviolet  light.  No  significant  changes  were  produced  by 
the  action  of  heat  at  150*  for  26  weeks  in  air,  or  at  170*  for  8  weeks.  A  polycarbonate  film  was  unchanged  after 
4  weeks  of  exposure  to  boiling  water. 
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Polycarbonates  have  good  mechanical  properties:  bending  strength  800-  lOOOkg/cm*.  modulus  22,000 
kg/cm  ,  tensile  strength  890  kg/cm*,  elongation  at  break  180%;  their  resistance  to  aging  is  very  high.  Poly¬ 
carbonates  also  have  good  dielectric  properties:  dielectric  constant  2.6,  volume  resistivity  2.10^®  ohm  ‘cm, 
tangent  of  the  dielectric  loss  angle  (O—IO)  •  10“^.  It  should  be  noted  that  tan  6  remains  constant  up  to  ISO*. 

The  breakdown  voltage  is  100—  120  kv/mm  [53]. 

Polycarbonate  articles,  made  by  injection  molding,  are  transparent  and  colorless,  and  resemble  articles 
of  organic  glass.  The  properties  of  polycarbonates  suggest  that  these  materials,  which  are  cheaper  than  nylon 
or  Terylene,  will  be  widely  used  in  industry,  particularly  in  machine  building  and  in  all  kinds  of  electrical 
equipment. 

Reinforced  polymer  materials.  Reinforced  plastics  are  excellent  constructional  materials,  and  are  widely 
used  in  building,  car  body  production,  for  boat  building,  etc.  Glass- reinforced  plastics  based  on  various  unsatu¬ 
rated  polyester  resins  are  of  particular  practical  importance.  Unsaturated  polyester  resins  are  condensation  pro¬ 
ducts  of  dihydric  alcohols  (ethylene  glycol,  propylene  glycol)  and  dibasic  acids  (maleic,  adipic,  etc,),  contain¬ 
ing  unsaturated  bonds  and  capable  of  being  hardened  by  copolymerization  with  vinyl  monomers  (styrene,  methyl 
methacrylate,  etc.)  in  presence  of  catalysts  (2%  benzoyl  peroxide)  to  form  cross-linked  space  polymers.  These 
resins  are  effective  bonding  agents  for  glass  fibers  and  are  therefore  valuable  binders  for  the  production  of  glass- 
reinforced  plastics.  Glass  fabrics,  mats,  or  other  glass  fiber  materials  are  impregnated  with  polyester  resins  in 
special  molds  and  formed  into  laminates.  The  impregnated  layers  are  pressed  against  the  mold  surface.  After 
some  time  the  finished  article  is  formed  in  the  mold,  in  the  shape  of  a  solid,  hard,  infusible  and  insoluble  ma¬ 
terial  with  high  mechanical  strength.  This  process  for  forming  plastics  articles  at  room  temperature  and  with¬ 
out  the  use  of  pressure  (or  at  very  low  pressures)  in  presence  of  special  accelerators  is  known  as  "contact  molding" 
it  can  be  used  for  the  production  of  large  articles  by  a  simple  technique. 

Glass  plastics  have  high  mechanical  strength,  high  chemical  resistance,  and  good  dielectric  properties. 

They  have  the  following  cliaracteristics:  sp.  gr.  1,5  ~  2.1,  tensile  strength  2800  —  3500  kg/cm*,  elasticity  modu¬ 
lus  in  extension,  from  70,000  to  200,000  kg/cm*,  compressive  strength  2100  —  4200  kg/cm*,  bending  strength 
3500  —  4400  kg/cm*,  impact  strength  3500  —  4400  kg/cm*j  tangent  of  the  dielectric  loss  angle  0.01  —  0.04,  di¬ 
electric  constant  4.0  —  4.8,  water  absorption  in  24  hours  0,3  “  0.9%. 

The  most  outstanding  feature  of  glass-reinforced  polyester  plastics  is  the  high  strength  ”  weight  ratio.  If 
reinforced  polyesters  replace  steel,  the  weight  advantage  exceeds  50%,  and  in  the  case  of  aluminum  it  exceeds 
30%.  The  impact  strength  of  glass-reinforced  plastics  exceeds  that  of  aluminum  or  steel.  They  also  have  good 
dielectric  properties,  and  high  resistance  to  water,  salt  solutions,  dilute  acids  and  alkalies,  and  organic  solvents. 
The  disadvantages  of  glass-reinforced  plastics  include  loss  of  strength  with  increase  of  temperature,  low  abrasion 
resistance,  and  a  tendency  to  flow  under  prolonged  loading. 

Glass-reinforced  plastics  are  widely  used  in  the  aircraft  industry  (for  radio  and  radar  equipment  and  highly- 
stressed  members  such  as  fuselage  parts  and  other  portions  of  complex  outlines,  etc.)  and  in  boat  building;  the 
production  time  is  thereby  decreased  11  to  20-fold,  and  the  cost  of  equipment  is  very  much  lower.  The  service 
life  of  the  boats  is  also  increased  owing  to  absence  of  corrosion  and  rotting.  At  the  end  of  1953  the  production 
of  sports  cars  with  glass-reinforced  plastic  bodies  was  started  in  the  USA;  the  cost  of  equipment  is  lowered  9-fold 
as  a  result.  Such  bodies  are  more  resistant  to  impacts  than  steel  bodies.  Glass-reinforced  plastics  are  widely 
used  in  railroad  transport  (car  equipment,  tank  cars  for  milk  and  oil  products,  crossties,  etc.).  They  are  widely 
used  in  building,  mainly  as  architecmral  panels  and  translucent  sheets  for  roofs,  verandas,  and  greenhouses.  All 
kinds  of  furniture  can  be  made  from  glass-reinforced  plastics  [54],  It  seems  likely  that  in  the  near  future  they 
will  become  fully  developed  and  even  more  widely  used  in  various  branches  of  our  national  economy. 

It  is  not  possible  in  a  brief  review;  to  describe  all  the  new  polymers,  the  numbers  of  which  are  increasing 
continuously.  Successful  advances  are  being  made  in  the  field  of  silicones;  silicon-containing  heat-resistant 
plastics,  reinforced  plastics,  rubbers,  and  oils  have  been  invented  and  have  added  considerably  to  the  range  of 
new  polymer  materials.  New  metal- containing  silicones  are  being  produced;  these  should  have  even  greater 
thermal  endurance  [55].  The  first  incombustible  plastics  have  been  produced  by  the  introduction  of  phosphorus 
atoms  into  their  molecules  [56].  The  thermal  and  chemical  stability  of  polymers  is  increased  by  the  introduc¬ 
tion  of  titanium  [57].  Various  polycondensation  materials  such  as  polyethylene  terephthalate  (Lovsan,  Terylene) 
and  polyurethanes  are  being  used  with  success;  the  range  of  epoxy  resins  has  been  greatly  extended  by  modifica¬ 
tion  with  polyamides,  phenol”  formaldehyde,  and  other  resins  [58].  Advances  have  been  made  in  the  fields  of 
cellulose  derivatives. 


There  are  extensive  practical  uses  for  ion-exchange  resins  from  various  cross-linked  space  polymers  and 
copolymers;  these  are  used  not  only  for  the  purification  of  water,  chemicals,  and  medical  preparations,  but  also 
in  chemical  synthesis  [59]. 

We  may  be  confident  that  rapid  development  of  polymer  science  will  lead  to  the  production  of  numerous 
polymer  materials,  and  on  a  scale  which  would  ensure  abundant  supplies  for  all  branches  of  industry  and  the 
national  economy,  helping  the  progress  of  modern  technology  and  raising  further  the  living  standards  of  the 
workers. 
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INTERACTION  OF  CALCIUM  ALUMINATES  AND  A  LU  M  INOF  ERRITES 
WITH  CALCIUM  SULFATE 


P.  P.  Budnikov  and  V.  S,  Gorshkov 


In  certain  papers  [1,  2]  dealing  with  the  characteristics  of  hardened  cement  pastes  the  view  is  put  forward 
that  the  hydration  products  of  calcium  aluminates  and  aluminoferrites  in  presence  of  calcium  sulfate  have  a 
crystalline  stmcture  in  the  metastable  state  only;  with  time  they  are  converted  into  multicomponent  gels  contain¬ 
ing  all  the  oxide  components  of  the  cement  and  including  calcium  sulfate.  The  conversion  of  calcium  hydro- 
sulfoaluminate  and  hydrosulfoferrite,  which  have  a  crystalline  structure  which  "reinforces"  the  hardened  cement, 
into  a  multicomponent  gel  should  in  the  first  instance  influence  the  physicomechanical  properties  of  thehardened 
cement. 

The  purpose  of  the  present  investigation  was  to  study  the  products  of  simultaneous  hydration  of  calcium 
aluminates  and  aluminoferrites  with  calcium  sulfate,  and  to  use  differential  thermal  analysis  and  x-ray  phase 
analysis  for  determining  the  nature  of  the  phase  conversions  in  the  sulfate-containing  compounds  formed  in  clink¬ 
er  minerals  during  hydration  at  normal  and  elevated  temperatures. 

It  is  known  that  4CaO*  AljOj^FejOs  is  not  an  individual  chemical  compound  in  cement  clinker,  but  is  an 
intermediate  member  in  the  series  of  solid  solutions  of  SCaO'AliOj  and  2CaO*FejC)s.  Therefore,  for  our  studies 
of  the  reaction  products  of  calcium  sulfate  with  calcium  aluminoferrites,  we  synthesized  6CaO*  2AltOj ‘FejOj, 
4CaO*  AljOj ‘FejC)^,  6CaO  •  AljOj  •  2Fej03,  2CaO*FeiOs  and  SCaO-AljOj;  these  were  fired  until  the  lime  was 
completely  assimilated  and  then  ground  down  to  a  specific  surface  of  about  5000  cmVg. 

For  studies  of  the  kinetics  of  the  interaction  between  clinker  minerals  and  calcium  sulfate,  and  for  deter¬ 
mination  of  the  products  formed  in  their  simultaneous  hydration,  5  g  of  each  of  the  above-named  minerals  was 
put  into  glass  vessels  and  covered  with  1000  ml  of  a  lime  “  calcium  sulfate  solution.  The  calcium  sulfate  con¬ 
centration  in  the  saturated  lime  solution  corresponded  to  0.927  g  SO^  per  liter.  To  ensure  thorough  interaction 
of  the  individual  mineral  grains  with  the  lime  “*  sulfate  solution,  and  to  equalize  the  concentration  of  SO4  anions 
during  absorption  by  the  mineral,  the  contents  of  the  vessels  were  mixed  at  intervals  throughout  the  hydration 
period.  Variations  of  the  SO4  anion  concentration  were  determined  at  definite  intervals;  for  this,  100  ml  samples 
of  solution  were  taken  from  the  vessels,  and  the  unreacted  sulfate  was  precipitated  by  addition  of  \^o  barium 
chloride. 

The  results  of  these  determinations  are  given  in  Table  1. 

After  3  months  of  hydration  the  solid  phase  was  separated  from  the  solution,  washed  with  ethyl  alcohol, 
and  separated  into  two  fractions  by  means  of  a  heavy  liquid  (bromoform,  sp.  gr.  2.890).  The  clinker  minerals 
which  had  not  reacted  with  calcium  sulfate,  which  had  a  higher  specific  gravity  than  bromoform,  settled  out  on 
the  bottom  of  the  tube  when  centrifuged,  while  the  sulfate-containing  compounds  formed  by  interaction  between 
calcium  sulfate  and  the  minerals  remained  on  the  surface  of  the  bromoform.  The  crystals  of  the  sulfate-contain¬ 
ing  compounds,  separated  from  bromoform,  were  washed  with  ethyl  alcohol  and  ether;  they  were  then  subjected 
to  x-ray  phase  analysis  by  the  powder  method  and  to  thermal  analysis  by  means  of  the  Kurnakov  differential 
pyrometer. 

The  interplanar  distances  and  intensities  of  the  diffraction  lines  of  the  analyzed  x-ray  patterns  are  given 
in  Fig.  1.  For  comparison,  this  figure  also  shows  the  x-ray  patterns  (at  20")  of  calcium  hydrosulfoaluminate 


TABLE  1 

Kinetics  of  the  Interaction  of  Clinker  Minerals  with  Calcium  Sulfate 


Clinker  minerals 

Amount  of  sulfate  combined 
(In  g  SOs  per  liter)  in  time 
(days) 

\ 

■’ 

7 

28 

90 

3GaO  •  AI..O3 . 

1.803 

2.110 

2.405 

2.862 

2.989 

6CaO  •  2AI.2O3  •  Fi'aO'i . 

0.854 

1.432 

1.797 

2.115 

2.321 

4CaO  •  Al^Og  •  Ff^Og . 

0.835 

1.343 

1.604 

1.936 

2.086 

6CaO  •  AI2O3  •  2F0.2O., . 

0.268 

0.392 

0.786 

1.097 

1.391 

2CaO  •  . 

0.043 

0.112 

0.498 

0.694 

0.872 

prepared  by  the  following  two  methods:  1)  interaction  of  saturated  SCaO-AljOj  solution  with  CaSO4»0.5H2O 
solution;  2)  solid-phase  interaction  of  finely  divided  SCaO^AljOs  and  CaS04  •  O.SHjO  (specific  surface  about 
7000  cm*/g)  taken  in  the  calculated  proportions  to  give  the  high-sulfate  form  of  calcium  hydrosulfoaluminate. 


Comparison  of  the  interplanar  distances  and  intensities  found  in  the  x-ray  patterns  of  the  hydration  pro¬ 
ducts  of  6Ca0*2Al203*Fej03,  4CaO*  AI1O3  •  FejOs  and  6CaO*  AljOs  •  2Fe2C)^  formed  in  lime  sulfate  solution  re¬ 
veals,  in  addition  to  lines  corresponding  to  calcium  hydrosulfoaluminate,  supplementary  lines  corresponding  to 
the  lines  obtained  in  the  x-ray  pattern  of  the  products  of  hydration  of  2CaO-Fe20s  in  lime*”  sulfate  solution. 
The  following  supplementary  lines  (in  addition  to  the  calcium  hydrosulfoaluminate  lines)  are  found  in  the  x-ray 
patterns  of  the  respective  hydration  products; 


For  f)Cn0-2Al2()3-Fe203  —  3.61,  3.03,  2.60,  2.38,  2.13,  1.50  A; 

For  -lCH0-Al2Us-Fe203  —  3.61,  3.00,  2.62,  2.36,  2.13,  1.50  A; 

For  6Cn0-Al203-2Fc203  —  3.59,  3.00,  2.65,  2.37,  2.13,  1.49  A. 

The  presence  of  the  supplementary  lines  indicates  that  the  hydration  products  of  the  iron-containing  clinker 

minerals  contain  calcium  hydrosulfoferritein  addition  to  calcium  hydrosulfoaluminate.  Hence  it  is  clear  that  when 
iron-containing  clinker  minerals  are  hydrated  in  lime  —  sulfate  solution,  i.e.,  in  a  medium  in  which  the  CaO  and 
SO4  concentrations  are  close  to  those  existing  in  hydrating  cement  before  the  calcium  sulfate  has  been  complete¬ 
ly  combined,  the  formation  of  calcium  hydrosulfoaluminate  is  accompanied  by  formation  of  calcium  hydrosul- 
foferrite,  the  latter  being  formed  at  a  considerably  lower  rate  than  calcium  hydrosulfoaluminate  (Table  1). 

Thermal  analysis  of  calcium  hydrosulfoaluminate  made  by  the  two  different  methods  indicated  above  re¬ 
vealed  the  existence  of  two  distinct  endothermic  effects  (Fig.  2).  Determinations  of  the  amount  of  water  of  cry¬ 
stallization  liberated  in  the  heating  of  calcium  hydrosulfoaluminate,  performed  by  dynamic  weighings  on  a  tor¬ 
sion  balance,  showed  that  in  the  ~40  —  120*  range  the  water  loss  is  28.4*70,  corresponding  to  20  molecules  of  water 
of  crystallization.  The  total  water  loss  on  heating  to  1050*  is  45.97*70.  The  amount  of  water  of  crystallization 
calculated  theoretically  on  the  assumption  that  calcium  hydrosulfoaluminate  contains  32  water  molecules  is 
45.93*7o.  which  is  in  good  agreement  with  the  experimental  value.  The  remaining  12  molecules  of  water  of  cry¬ 
stallization  are  mainly  removed  before  250*  when  calcium  hydrosulfoaluminate  is  heated;  this  corresponds  to 
the  second  endothermic  effect  at  270  —  280*. 

The  dehydration  of  calcium  hydrosulfoferrite  formed  by  the  interaction  of  2CaO*FejOs  with  lime”"  sulfate 
solution  and  separated  from  the  unchanged  mineral  by  centrifuging,  as  revealed  by  thermal  analysis,  took  a  dif¬ 
ferent  course  from  that  of  calcium  hydrosulfoaluminate  (Fig.  3).  Whereas  in  the  heating  of  calcium  hydrosulfo¬ 
aluminate  the  first  effect,  corresponding  to  the  removal  of  most  of  the  bound  water  (20  molecules  out  of  32), 
occurs  below  120®,  in  the  dehydration  of  calcium  hydrosulfoferrite  the  first  endothermic  effect,  corresponding  to 
the  removal  of  a  smaller  amount  of  water  (as  shown  by  the  depth  of  the  effect),  is  found  in  the  170  —  180*  range. 
The  second  effect  on  the  heating  curve  of  calcium  hydrosulfoferrite  is  found  in  the  315  — 330*  range,  whereas  in 
the  dehydration  of  calcium  hydrosulfoaluminate  the  residual  water  of  crystallization  is  lost  at  a  lower  temperature 
(in  the  270  —  280®  range). 
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Fig.  1.  Analyzed  x-ray  patterns  of  the  products  of  hydration  of  clinker 
minerals  in  lime  sulfate  solution. 


For  comparison  with  the  nature  of  the  dehydration  of  calcium 
hydrosulfoferrite  formed  by  the  reaction  of  2CaO*Fetp5  with  lime  — 
sulfate  solution,  synthetic  calcium  hydrosulfoferrite  made  by  the  treat¬ 
ment  of  ammonium  fenic  alum  “  (NH4)iS04»Fe|(SQ4)s  •  24H|P  ~  with 
saturated  lime  solution  for  3  days  at  20i  2*  with  continuous  stirring 
was  subjected  to  thermal  analysis. 

After  separation  from  the  mother  liquor,  the  crystals,  from 
0.05  X  0,01  to  0,03  X  0,005  mm  in  size,  had  a  weak  polarization 
color,  direct  extinction,  positive  elongation,  and  an  average  refrac¬ 
tive  index  of  1.490±  0,003. 

The  optical  constants  of  calcium  hydrosulfoferrite  crystals  form¬ 
ed  by  the  reaction  of  2CaO»Fe20s  with  lime  “  sulfate  solution  were 
similar  to  those  of  the  synthetic  calcium  hydrosulfoferrite,  but  the 
crystals  were  considerably  smaller. 

It  is  clear  from  the  thermograms  for  synthetic  hydrosulfoferrite, 
shown  in  Fig.  3,  that  the  principal  heat  effects  in  its  dehydration  lie 
in  the  same  temperature  ranges  as  those  of  calcium  hydrosulfoferrite  made  by  hydration  of  2CaO*Fe2C)3. 

The  nature  of  the  heating  curves  of  the  products  formed  by  hydration  of  iron-containing  clinker  minerals  “* 
6CaO*  2AI2OS •  FejO^,  4CaO*  AljO^ ‘FejO^  and  6CaO*  AljOj •  2Fe03— in  lime*”  sulfate  solutions  for  six  months 
(Fig.  3)  indicates  the  formation  of  sulfate-containing  compounds  which  decompose  in  temperature  ranges  inter¬ 
mediate  between  the  temperatures  of  the  corresponding  decomposition  effects  of  calcium  hydrosulfoaluminate 
and  hydrosulfoferrite. 

When  6CaO»  AI2O3  •  2Fe20i  is  hydrated  in  lime  "  sulfate  solution,  the  calcium  hydrosulfoaluminate  formed 
loses  part  of  its  water  of  crystallization  over  a  fairly  wide  temperature  range  (from  40*  to  115—  120*).  The  ini¬ 
tial  dehydration  of  calcium  hydrosulfoferrite  formed  in  the  hydration  of  eCaO^Al^Os*  2FejC)^  under  the  same 
conditions  occurs  over  a  narrower  temperamre  range  (from  160*  to  175—  180*),  which  almost  coincides  with  the 
first  dehydration  effect  of  hydrosulfoaluminate,  and  therefore  these  effects  are  superposed  in  the  thermogram. 

The  second  endothermic  effect  at  270—  280*  on  the  same  curve  corresponds  to  total  dehydration  of  calcium  hy¬ 
drosulfoaluminate.  The  total  dehydration  of  hydrosulfoferrite  present  in  the  same  hydration  products  of  6CaO. 

•  AI2O3  *  2Fe2Q3  occurs  at  315  —  330*. 


Fig.  2.  Thermogram  of  calcium 
hydrosulfoaluminate: 

1)  3Ca0«Al2Qs'3CaS04.32H20 
from  solution,  2)  3Ca0*Al203* 

•  3Ca  SO!4*32H20  in  solid  phase. 
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TA  BLE  2 

Effect  of  Moist  Heat  Treatment  on  the  Rate  of  Binding  of  Calcium  Sulfate  by  Clinker 
Minerals 


Clinker  minerals 

SO5  content  before 
treatment  (^o) 

SO^  content  after  treatment  (%) 

free 

bound 

steamed  at 
100" 

steamed  at 

8  atmos 

free 

bound 

free 

bound 

3CaO  •  Al  ,03 . 

2.61 

32.89 

4.80 

30.70 

5.96 

29.54 

6CaO  •  2AI2O3  •  .  .  . 

«.l)4 

27.46 

7.32 

28.18 

6.71 

28.79 

4CaO  •  Al  ,03  •  Fc2C33  .  .  . 

12.38 

23.12 

10.14 

25.36 

9.46 

26.04 

6CaO  .  Al.,().,  .  2Fi'2U3  .  .  . 

27.58 

7.92 

23.64 

11.86 

21.67 

13.83 

2CaO  .  Fe203  . 

33.79 

1.71 

30.50 

5.00 

23.36 

12.14 

Fig.  3.  Thermograms  of  the  products 
of  hydration  of  clinker  minerals  in 
lime  —  sulfate  solution: 

1)  calcium  hydrosulfoferrite  prepared 
from  2CaO*Fe20^;  2)  synthetic  cal¬ 
cium  hydrosulfoferrite  prepared  from 
ammonium  ferric  alum;  3)  hydration 
products  of  6CaO  •  AljQs  •  2Fej03; 

4)  hydration  products  of  4Ca0*Al203* 
•Fe20^;  5)  hydration  products  of  6CaO' 
•  2AI2O3  *  Fe2P3. 


I 


CDJ  m2  ^3 
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Cj/I  C^4f/  C^4F 


Fig.  4.  Interaction  of  calcium  sulfate  with 
clinker  minerals  in  moist  heat  treatment: 
contents  of  bound  SO5  (%):  1)  before  treatment, 

2)  after  treatment  at  100*,  3)  after  autoclave 
treatment. 

The  thermograms  of  the  hydration  products  of  4CaO* 

•  AI2Q3  •Fe203  and  6CaO- 2AI2QS  •Fe2Ps  (Fig.  3)  are  almost 
identical  with  the  heating  curve  of  the  hydration  products 
of  6CaO*Al203*2Fe20i  by  the  number  of  effects  and  their 
temperature  ranges.  They  are  distinguished  by  the  differ¬ 
ent  magnitudes  of  the  thermal  effects,  which  are  a  quanti¬ 
tative  measure  of  the  presence  of  different  phases. 

The  magnitude  of  the  effect  at  315  —  330*  increases 
with  increasing  2Ca0*Fc203  content  in  the  series  of  solid 
solutions  from  6CaO*  2A1203*  Fe2C^  to  6CaO*  Al2C^*2Fe203; 
this  corresponds  to  an  increasing  content  of  calcium  hydro¬ 
sulfoferrite  in  the  products  formed  by  their  hydration  joint¬ 
ly  with  calcium  sulfate. 


Thermal  analysis  of  calcium  hydrosulfoaluminate  and  hydrosulfoferrite  therefore  shows  that  calcium  hy¬ 
drosulfoferrite  is  the  more  stable  to  the  action  of  elevated  temperatures.  This  fact  suggests  that  calcium  alumi- 
nates  and  aluminoferrites  present  in  cement  clinker  should  behave  differently  with  calcium  sulfate,  and  that  the 
stabilities  of  the  hydration  products  formed  from  them  during  moist  heat  treatment  should  be  different. 

To  test  this  hypothesis,  mixtures  with  calcium  sulfate  hemihydrate  and  calcium  oxide  were  prepared  from 
iron-containing  clinker  minerals  and  from  3CaO*Al2Qj  ground  to  a  specific  surface  of  6000  cmVg.  The  amount 
of  calcium  sulfate  hemihydrate  in  each  mixture  corresponded  to  33.5*7o  SO^;  the  amount  of  added  calcium  oxide 
was  3.0^0  on  the  mineral  weight. 
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The  mixtures  were  mixed  with  of  water  and  made  into  specimens  1X1X3  cm;  these  were  removed 
from  the  molds  after  24  hours  and  kept  in  a  moist  atmosphere  at  20±  2*.  After  28  days  of  hardening  and  prelimi¬ 
nary  determination  of  the  unreacted  calcium  sulfate,  some  of  the  specimens  were  subjected  to  moist  heat  treat¬ 
ment  at  100*  for  8  hours,  while  the  rest  were  steamed  in  an  autoclave  at  8  atmos  under  the  following  conditions: 
pressure  increase  for  2  hours,  exposure  for  4  hours,  pressure  decrease  for  2  hours. 

The  free  calcium  sulfate  was  determined  in  the  specimens  after  the  moist  heat  and  autoclave  treatments. 
The  results  are  given  in  Table  2  and  Fig.  4. 

It  follows  from  Table  2  that  in  28  hours  of  hydration  of  specimens  under  humid  conditions  the  amount  of 
calcium  sulfate  bound  by  the  minerals  decreases  with  increasing  calcium  ferrite  content.  Moist  heat  treatment 
at  100*  of  specimens  made  from  a  mixture  of  SCaO'AliQj,  calcium  sulfate,  and  calcium  oxide,  the  hydration 
of  which  for  28  days  yielded  about  93*70  of  calcium  hydrosulfoaluminate,  resulted  in  an  increase  of  the  free  SO^ 
content  from  2.61  to  4.80%;  this  shows  that  part  of  the  calcium  hydrosulfoaluminate  was  decomposed.  Autoclave 
treatment  of  these  specimens  results  in  more  intensive  decomposition  of  calcium  hydrosulfoaluminate,  the  amount 
of  free  SO^  increasing  from  2.61  to  5.96*70, 

The  presence  of  iron  compounds  in  aluminoferrite  minerals  makes  them  more  stable  in  moist  heat  treat¬ 
ment.  For  example,  the  amount  of  calcium  sulfate  combined  with  2CaO*FejQ3  in  28  days  of  hydration  corres¬ 
ponds  to  1.71*7o  SPs,  whereas  after  treatment  of  these  specimens  at  100*  for  8  hours  the  amount  of  combined  cal¬ 
cium  sulfate  increases  to  5.0*7o  SOj,  while  after  autoclave  treatment  at  8  atmos  it  increases  to  12.14*7o  SO^. 

SUMMARY 

The  results  indicate  that  in  the  moist  heat  treatment  of  cements  with  a  high  content  of  calcium  alumino- 
ferrites,  decomposition  of  calcium  hydrosulfoaluminate  with  liberation  of  free  calcium  sulfate  is  accompanied 
by  the  formation  of  a  more  heat-resistant  compound,  calcium  hydrosulfoferrite,  which  combines  with  the  liberated 
calcium  sulfate. 
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SULFOALUMINATE  CEMENTS  FROM  THE  PRODUCTS  OF 
SOLID-PHASE  REACTIONS 


V.  I,  Kotov 


It  is  known  that  the  cement  industry  of  the  future  must  be  based  on  other  processes  in  addition  to  those 
carried  out  at  high  temperatures,  which  involve  enormous  consumption  of  fuel  and  considerable  losses  of  heat  to 
the  surroundings  [1]. 

At  the  present  time  two  types  of  cement  are  known  the  production  of  which  requires  less  heat  than  the  pro¬ 
duction  of  Portland  cement  clinker;  1)  lime  “  burned-clay  ("glinit")  cements  (GOST  2544-44),  made  by  the 
mixing  of  clay  calcined  at  700  —  900*  with  lime;  and  2)  alite-free  cements,  made  by  the  grinding  of  clinker 
formed  at  1000-  1200*. 

The  characteristic  feature  of  the  first  type  of  cement  is  that  during  calcination  of  the  clay  the  clay  min¬ 
erals  (kaolinite,  montmorillonite,  hydromica,  etc.)  decompose  into  oxides,  among  which  silica  has  considerable 
activity  and  forms  a  hydraulic  binding  material "  calcium  silicate  —  when  mixed  with  lime  and  hydrated. 

The  characteristic  feature  of  the  second  type  of  cement  is  that  its  clinker  is  formed  only  as  the  result  of 
reactions  in  the  solid  state,  and  therefore  it  consists  predominantly  of  belite,  which  is  the  main  binding  material 
in  hydration. 

Both  types  of  cement  have  fairly  low  ratings. 

The  purpose  of  the  present  investigation  was  to  find  whether  it  is  possible  to  produce  a  hydraulic  cement 
with  a  lower  expenditure  of  heat,  by  a  study  of  the  activity  of  calcined  Belgobskli  clay. 

The  material  used  for  the  investigation  was  clay  of  the  type  used  for  brick  production,  consisting  mainly 
of  montmorillonite  minerals  which,  according  to  Belyankin  and  Ivanov  [2],  are  completely  dehydrated  when 
heated  to  700*,  so  that  the  montmorillonite  lattice  is  destroyed.  Since  native  montmorillonite  is  a  substituted 
compound,  its  decomposition  products  will  evidently  be,  in  accordance  with  its  composition  n(Mg,  Ca)0»  AljQs* 
•  (4  “  5)SiOj •  HjO  •  5aq  ( Sedletskii  [3]); 


700° 

nMgO  •  AI2O3  •  4Si02  •  01120  - >  AI2O3  -j-  4Si02  “h  oMgO. 

% 

In  the  clay  used,  the  argillaceous  material  comprised  about  45‘yo;  the  remaining  components  were  quartz 
(35*70),  calcium  and  magnesium  carbonates  (14*70),  and  iron  oxides  (6*7o). 

Repeated  experiments  performed  to  determine  the  optimum  burning  temperature  showed  that  the  most  ac¬ 
tive  material  is  obtained  when  the  clay  is  heated  in  the  600  —  650*  range.  The  activity  of  the  product  is  lower¬ 
ed  if  a  higher  temperature  is  used. 

The  effects  of  the  cement  composition  on  its  compressive  strength  are  given  in  Table  1.  The  compressive 
strength  was  determined  by  means  of  the  Amsler  press.  Cubes  7X7X7  cm  were  made  from  the  cement  with  sand 
by  tamping  in  a  Klebe  impact  machine,  the  expenditure  of  work  for  each  cube  being  80  kg-meters.  The  cubes 
were  stored  over  water  under  a  cover  with  a  hydraulic  seal.  Each  sample  consisted  of  3  cubes.  The  average  of 
the  2  highest  values  are  given  in  the  Table. 


TABLE  1 


Effects  of  Calcium  Sulfate,  Lime,  and  Qay  Preparation  on  the  Compressive  Strength  Under 
Moist  Storage  Conditions 


Expt. 

No. 

Composition  of  cement  {°lo) 

w/c 

ratio  {%) 

Setting 

(hours) 

time 

Com  press!  va 
strength  (kg/ cm*) 
after 

burned 

clay 

lime 

BuUflaH 

start 

end 

7  days 

28  days 

hemi- 

hy- 

drate 

dihy¬ 

drate 

1 

82 

15 

3 

5.9 

17.0 

18.2 

47.0 

2 

82 

15 

-- 

3 

— 

4.0 

13.0 

38.4 

93.0 

3 

72 

25 

_ 

3 

55 

5.5 

14.5 

26.6 

78.0 

4 

82 

15 

3 

50 

4.0 

13.5 

38.7 

93.0 

5 

87 

10 

... 

3 

50 

4.0 

12.0 

41.0 

97.0 

6 

92 

5 

... 

3 

48 

6.5 

17.5 

22.0 

— 

7 

82 

15 

3 

53 

3.8 

11.0 

23.0 

57.0 

8 

87 

10 

— 

3 

51 

3.9 

11.5 

24.0 

68.0 

9 

87 

10 

— 

3 

35 

4.3 

14.6 

30.0 

51.0 

10 

87 

10 

— . 

3 

42 

— 

— 

4.6 

15.0 

TABLE  2 


Effect  of  Additions  of  Burned  Clay  Cement  on  Portland  Cement  Mortars 


Mortar 

Composi¬ 
tion  by 
weight 

w/c 

ratio 

Plasticity 
by  the 
StroiTsNILA 

cone  test 
(cm) 

Compressive  strength 
(kg/cm*)  after 

7  days 

28  days 

M-300  Portland  cement  +  sand 

li3 

0.58 

6 

121 

150 

M-300  Portland  cement  +  M-50 

burned  clay  cement  +  sand 

0.8  :  0,2 : 3 

0.61 

6 

112 

145 

Tests  showed  that  the  highest  activity  in  clay  calcined  at  600“  650*  is  produced  by  additions  of  3*5^ 

CaS04*  2HxO  and  lO^o  Ca(OH)x  (Table  1,  Experiments  1  “  6), 

Activity  tests  on  waste  products  from  brick  works  showed  that  "underburned"  wastes,  formed  when  bricks 
are  fired  in  annular  furnaces  in  the  550  —  700*  range  (Table  1,  Experiments  Nos.  7  “  9),  have  considerable  acti¬ 
vity,  whereas  wastes  from  bricks  fired  normally  (at  about  1000")  have  considerably  lower  activity  (Table  1,  Ex¬ 
periment  No.  10). 

Frost  resistance  tests  on  burned-clay  cement  showed  that  7X7X7  cm  cubes  can  withstand  15  cycles  of  al¬ 
ternate  freezing  (  —15")  and  thawing  in  water  (20*)  without  any  outward  signs  of  destruction.  However,  after  15 
freezing  cycles  the  compressive  strength  falls  to  26  kg/cm*. 

Concrete  cubes  20X20X20  cm,  made  from  grade  50  burned-clay  cement,  of  the  comp>osition  1:1.5:  2, 
cone  sag  of  the  concrete  mix  4  cm  determined  by  the  vibration  method,  were  also  rated  "50"  after  28  days  of 
aging  in  a  moist  medium. 

For  fuller  characterization  of  the  burned-clay  cement,  its  influence  on  Portland  cement  mortars  was  tested 
(Table  2). 

The  results  in  Table  2  show  that  replacement  of  20*^0  of  Portland  cement  rated  "300"  (rating  "150"  in  the 
plastic  mortar)  by  "50"  grade  burned-clay  cement  has  almost  no  effect  on  the  rating  of  the  mortar  (145  kg/cm*). 
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TABLE  3 

Effect  of  Storage  Conditions  of  7X7X7  cm  Cubes  on  Compressive  Strength 


Expr,  No. 

Storage  time 

Compressive  strength 
(kg/cm*) 

months 

days 

hours 

Series  "A* 

Series  "B" 

1 

Air  at  20* 

- 

7 

- 

22^’ 

18.2 

2 

ft  «l  M 

- 

28 

- 

22.8 

19.2 

3 

fff  ft  ft 

3 

- 

- 

21.0 

19.0 

4 

Humid  at  20* 

- 

7 

- 

38.0 

18.2 

5 

It  ft  ft 

- 

28 

- 

93.0 

47.0 

6 

Humid  at  20*.  then  in  water 

2 

28 

- 

97.0 

51.0 

7 

Humid  at  20*,  then  in  air 

2 

28 

- 

81.0 

43.0 

8 

Humid  at  20*,  then  in  water 

- 

2 

1 

Destroyed 

Destroyed 

9 

Humid  at  20*.  then  steamed*  at  90* 

- 

3 

4 

16.7 

— 

10 

Humid  at  20*.  then  steamed 

- 

3 

6 

52.0 

— 

11 

Humid  at  20",  then  steamed 

- 

3 

9 

108.0 

— 

12 

Humid  at  20*.  then  steamed 

3 

12 

192.0 

— 

•  Steamed  over  boiling  water  in  a  closed  vessel. 


However,  burned-clay  cement  is  not  used  to  any  great  extent  in  construction  work,  mainly  on  account  of 
its  low  rating. 

The  hardening  rate  of  burned-clay  cement  is  considerably  less  than  the  hardening  rates  of  alite  and  even 
of  belite  cements,  and  therefore  the  ultimate  strength  of  burned-clay  cement  constructions  can  be  determined 
even  less  reliably  from  its  28-day  strength.  It  is  known  that  in  the  case  of  low-strength  belite  cements  the 
strength  increase  is  greatest  as  the  result  of  hydrothermal  treatment  [4],  This  property  is  even  more  pronounced 
in  burned-clay  clinkerless  cement.  The  results  of  tests  of  burned-clay  cement  under  different  hardening  condi¬ 
tions  are  given  in  Table  3. 

Storage  of  the  specimens  in  water  after  28  days  under  moist  conditions  does  not  result  in  any  appreciable 
strength  increase  (Table  3,  Experiments  Nos.  5  and  6).  The  strength  increases  rapidly  if  the  cubes  are  steamed; 
after  12  hours  of  steaming  the  compressive  strength  is  more  than  doubled  (Experiment  No.  12)  relative  to  the 
compressive  strength  of  28-day  cubes. 

Hardening  of  burned-clay  cement  in  air  produces  little  effect  at  7  days,  after  which  the  strength  does  not 
increase  during  further  exposure  to  air  owing  to  drying  of  the  specimens  (Experiments  Nos.  1  ”*3). 

Many  workers  (Baikov  [5],  Budnikov  [6],  Zhuravlev  [7],  Yung  [1],  Aleksandrovskii  [8],  and  Zaporozhets  [9]) 
consider  that  the  processes  which  take  place  during  the  hardening  of  mixtures  of  lime  and  active  silica  are  pure¬ 
ly  chemical.  Other  workers  consider  hardening  processes  of  pozzolana  cements  only  in  relation  to  adsorption  pro¬ 
cesses. 

It  was  noted  at  the  1937  All-Union  Conference  on  Concrete  Corrosion  held  by  the  Academy  of  Sciences 
USSR  that  definite  chemical  compounds  are  formed  between  active  silica  and  lime;  later  Zhuravlev  [7],  in  a 
study  of  the  kinds  of  hardening  of  lime  —  pozzolana  cements  with  many  different  metal  oxides  and  active  silica 
of  different  origins,  showed  that  "a  chemical  reaction  occurs  here,  leading  to  the  formation  of  a  calcium  hydro¬ 
silicate  of  the  general  type  xCaO'ySiOjXnHjO".  The  hydrosilicate  formed  is  amorphous  during  the;  early  stages 
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of  its  existence,  but  later  crystallizes  slowly.  It  is  highly  probable  that  under  normal  conditions  the  hardening 
of  burned-clay  cement  results  in  the  formation  of  monocalcium  hydrosilicates  with  variable  amounts  of  water; 

Si02  + Ca(OH)2  -t-  nllaO  CaO  •  SiOa  •  nllaO. 

If  colloidal  silica  and  saturated  lime  solutions  are  used,  the  composition  of  the  hydrosilicates  formed 
approaches  2CaO*  SiOj*  HjO,  i.e.,  calcium  silicate,  which  is,  of  course,  the  predominant  component  (up  to  40%) 
of  Portland  cement. 

In  the  production  of  ordinary  cement  clinker  the  liquid  phase  is  formed  in  the  1280  —  1300*  temperamre 
range.  As  the  result  of  solid-phase  reactions,  the  mixture  at  the  start  of  sintering  consists  of  CjS,  C3A,  C4AF, 

CjF  and  excess  of  calcium  oxide,  and  after  passing  the  sintering  zone  (1300—  1480*)  the  cement  clinker  has  the 
composition  CjS,  CsS,  CsA,  C4AF. 

To  ensure  assimilation  of  the  lime  during  burning  of  cement  clinker,  additives  which  lower  the  tempera¬ 
ture  at  which  a  liquid  is  formed  are  used,  Yung  [1],  Makashev  [10],  and  Zhuravlev  [11]  note  that  fluorides  are 
the  best  mineralizers.  In  particular,  in  presence  of  NaF  (0.95%)  the  reaction  between  2CaO  and  SlOj  begins  at 
500*,  and  at  1100*  the  conversion  reaches  98.9%.  The  acceleration  of  the  process  is  attributed  to  formation  of 
catalytically-active  CaO*3NaF  and  transition  of  quartz  to  cristobalite.  Kukolev  [12]  observed  accelerated  in¬ 
teraction  between  finely  ground  quartz  and  CaCOs  (without  added  mineralizers),  which  started  at  600*.  This  ef¬ 
fect  is  also  explained  by  earlier  breakdown  of  the  reacting  components  in  the  mixture,  and  partial  polymorphism 
of  SiOj.  Ormont  [13]  noted  that  when  quartz  is  heated,  up  to  600*  there  is  strong  expansion,  from  600  to  1100* 
there  is  considerable  contraction,  and  above  1100"  expansion  returns.  These  volume  changes  are  due  to  break¬ 
down  of  the  hexagonal  quartz  lattice  and  formation  of  cristobalite  with  a  cubic  lattice  (Fig.  1). 

The  breakdown  of  the  rhombohedral  CaCOs  lattice,  which  occurs  in  practice  at  900—  1000*  and  is  accom¬ 
panied  by  decarbonatlon,  also  leads  to  formation  of  a  cubic  lattice  of  active  calcium  oxide. 

If  the  second  component  is  not  limestone,  but  calcium  hydroxide  with  its  hexagonal  lattice,  the  latter 
breaks  down  at  547*  as  the  result  of  dehydration,  with  formation  of  the  cubic  lattice  characteristic  of  calcium 
oxide  (Fig.  2). 

The  reason  why  silica  and  limestone  are  suitable  for  synthesis  of  2CaO*  SiOj,  and  why  clay  and  limestone 
are  suitable  for  cement  production  is  that  these  substances  become  activated  in  the  same  temperature  range 
(900  —  1000*).  If  Ca(OH)j  is  used  for  this  synthesis,  it  is  appropriate  to  use  silica  in  a  form  which  becomes  active 
at  the  breakdown  temperature  of  the  Ca(OH)i  lattice.  Such  a  form  can  only  be  amorphous  SiOj,  which  does  not 
have  a  crystal  lattice.  Slaked  lime  and  amorphous  silica  are  the  best  starting  materials,  which  ensure  a  consid¬ 
erable  reaction  rate  at  the  lowest  temperamres  and  the  optimum  conditions  for  a  solid-state  reaction.  These 
require:  1)  the  minimum  expenditure  of  energy  for  loosening  the  Ca(OH)2  lattice;  2)  very  fine  grinding  of  the 
components;  3)  high  mobility  of  ions  in  the  CaO  lattice,  so  that  the  diffusion  of  ions  through  the  newly-formed 
reaction  products  is  accelerated?  4)  presence  of  highly  active  amorphous  silica. 

The  scheme  for  the  reaction  of  2CaO  +  SiO£  in  the  solid  state  at  400  —  1200*  shows  that  the  formation  of 
the  crystalline  reaction  product,  2CaO*SiOj5,  is  preceded  by  a  number  of  periods  in  which  intermediate  states 
are  present  (Fig.  3). 

The  known  process  for  dehydration  and  breakdown  of  clay  minerals  by  the  action  of  heat  at  about  500  — 

7  00*  is  not  the  only  method  for  this.  We  treated  clay  with  sulfuric  acid  of  sp.  gr.  1,61.  It  was  found  that  the 
optimum  conditions  for  decomposition  of  the  clay  and  separation  of  amorphous  silica  are  obtained  when  the  clay 
is  treated  with  sulfuric  acid  at  360  —  400"  for  2  hours.  The  adsorption  activity  of  the  SiOj  formed  in  the  process 
was  checked  from  the  rate  at  which  sulfates  formed  simultaneously  with  the  amorphous  silica  are  washed  out  by 
water  (Fig.  4). 

The  chemical  and  mineral  composition  of  the  clay  clianges  sharply  as  the  result  of  breakdown  of  the  clay 
substance  and  other  reactions  of  HJSO4  with  the  clay  components. 

The  mineral  composition  of  the  clay  (in  %)  before  and  after  the  sulfuric  acid  treatment  is  given  on  page  30. 
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Fig.  1.  The  change  taking  place  on  breakdown  of  the  hexagonal 
quartz  lattice: 

1)  a-quartz,  2)  8 -cristobalite. 


Fig.  2.  Changes  taking  place  on  breakdown  of  the  rhombohedral  calcium  carbonate 
lattice  and  the  hexagonal  calcium  hydroxide  lattice: 

1)  Ca(OH)2,  2)  CaO.  3)  CaCOj. 


The  product  was  used  for  the  production  of  cements;  it  was  mixed  with  the  other  component  (slaked  lime) 
and  the  mixture  was  burned  at  700  —  1000".  The  calcium  sulfate  formed,  together  with  sulfates  of  other  metals, 
can  take  part  in  the  formation  of  complex  compounds. 

Lerch  and  Bogue  [14]  and  Foret  [15]  have  reported  that  calcium  hydrosulfoaluminate  can  be  synthesized 
under  the  usual  conditions  from  calcium  sulfate  and  any  calcium  aluminate. 

Calcium  hydrosulfoaluminate  is  known  to  exist  in  2  forms:  the  trisulfate  form,  of  the  composition  3CaO* 

•  Ali03-3CaS04*31H20,  and  the  monosulfate  form,  of  the  composition  3Ca0*Al203*CaS04 *121110.  Both  hydro- 
sulfoaluminates  crystallize  in  the  hexagonal  system;  the  former  as  fine  needles  and  the  latter  as  plates  [16]. 

According  to  Astreeva  and  Lopamikova  [17],  calcium  hydrosulfoaluminate  gradually  breaks  down,  forming 
calcium  sulfate  dihydrate,  calcium  hydroxide,  and  hydrated  alumina.  It  is  broken  down  more  rapidly  in  seawater. 
It  was  also  noted  that  hydrosulfoaluminates  of  low  basicity,  obtained  from  monocalcium  aluminate,  are  the  more 
stable. 


Lyubimova  [18]  and  Kalousek  [19]  noted  that  the  trisulfate  form  of  calcium  hydrosulfoaluminate  has  low 
heat  stability  and  is  dehydrated  to  the  monosulfate  form. 

The  trisulfate  form  of  calcium  hydrosulfoaluminate  is  stable,  and  persists  even  at  90"  provided  that  a  large 
excess  of  calcium  sulfate  is  present  in  the  hydrosulfoaluminate. 

However,  despite  the  above-mentioned  adverse  properties  of  calcium  hydrosulfoaluminate,  it  is  known  that 
in  many  cases  the  formation  of  calcium  hydrosulfoaluminate  in  cements  improves  the  quality  of  construction 
made  from  these  cements. 

For  example,  the  addition  of  calcium  sulfate  to  Portland  cement,  as  a  regulator  of  setting  (up  to  3*70).  and  to 
slag  cement,  as  activator  (up  to  15%),  is  specified  by  GOST  and  is  not  harmful,  as  in  such  cases  the  ailfoaluminate 
is  formed  either  in  the  still-unhardened  mass,  or  in  the  residual  liquid  phase  of  the  hardened  cement,  without  in¬ 
crease  of  volume. 
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Fig.  3.  Scheme  for  the  reaction  2CaO+SiOj  =  2CaO*  SiOj  in  the  solid  state; 

1)  period  of  decrease  of  the  sorptional  properties  of  the  reacting  substances  (400*), 

2)  period  of  formation  of  very  thin  layers  on  the  grain  surfaces  of  the  less  mobile 
component,  3)  period  of  decrease  of  the  mobility  of  particles  in  the  layers  owing 
to  their  increased  bonding  with  the  lattice  of  the  less  mobile  substance,  4)  per¬ 
iod  of  Internal  diffusion  of  the  particles  of  the  mobile  component  within  the  lat¬ 
tice  in  the  grains  of  the  other  component  (700*),  5)  period  of  formation  of  cry¬ 
stalline  product,  6)  period  of  improvement  of  the  lattice  structure  of  the  com¬ 
pound  formed  (1000—  1200*). 


Before  treatment 

Clay  minerals  calculated  as  kaolinite 


AliSii05(0H)4  . 44.8 

Quartz  “SiOj .  35,2 

Limestone  ■“  CaCOy .  9.3 

MgCQs .  4.7 

FejOs .  6.0 


After  treatment 


Quartz  —  SiOj . 23,1 

Active  amorphous  SiOj  . 14,0 

Al|(  504)5 . 40.5 

Fej(  504)3 . 10.0 

Ca  5O4  8.4 

Mg504  .  4.4 


Volzhenskii’s  [20]  observation  that  gypsum  with  added  blast-furnace  slag  and  active  tripoli  can  harden  in 
water  with  continuous  increase  of  strength  without  loss  of  hardening  rate  can  also  be  attributed  to  formation  of 
the  hydrosulfoaluminate  complex. 

Yung  [1]  reported  that  calcium  sulfoaluminate  can  sometimes  even  serve  as  an  important  structural  con¬ 
stituent  in  certain  hydrated  hardened  cements.  In  1950  Mikhailov  [21]  invented  waterproof  expanding  and  non¬ 
contracting  cements;  calcium  sulfoaluminate  is  an  active  component  in  the  hardening  of  these  cements. 

The  foregoing  data  suggest  that  cements  formed  in  solid-state  reactions  and  containing  mainly  dicalcium 
silicate  may,  in  conjunction  with  calcium  hydrosulfoaluminate,  be  effective  as  hydraulic  cements  of  fairly  high 
mechanical  strength  and  high  resistance  to  corrosion  by  water  containing  dissolved  alkali-metal  sulfates. 

Two  kinds  of  sulfoaluminate  cements  were  made  from  sulfated  clay:  burned-clay  and  belite  cements. 
The  raw  mixes  were  made  from  the  above-named  components  calculated  to  yield  sulfoaluminate  burned-clay 
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A 


Fig.  4.  Effect  of  time  of  washing  with 
water  on  the  sesquioxide  content  of 
sulfated  clay: 

A)  RjOs  content  B)  time  (days). 


cement  at  a  firing  temperature  of  700*.  and  sulfoaluminate 
belite  cement  at  a  firing  temperature  of  1000*.  The  mixes 
were  formed  into  briquets  which  were  dried  and  fired  in  an  ex¬ 
perimental  gas-heated  chamber  furnace. 

The  composition  of  these  cements  by  chemical  analysis 
(in  °lo)  is  given  below. 


Cement 

SiOj 

AI1O3 

FeiQj 

CaO 

MgO 

SO, 

Burned  clay 

25.2 

8.1 

2.7 

34.8 

1.1 

27.3 

Belite 

20,6 

6.6 

2.1 

47.1 

0.6 

22.7 

Bulychev’s  [22]  considerations  concerning  the  formation  of  monocalcium  silicate  and  dicalcium  aluminate 
in  mixed  plasters  when  they  are  mixed  with  water,  and  the  phase  diagrams  of  the  corresponding  two-  and  three- 
component  systems,  suggest  that  the  principal  structural  elements  formed  in  these  cements  upon  hydration  are 
calcium  hydrosulfoaluminate  and  mono-  and  dicalcium  silicates. 

The  effects  of  hardening  conditions  on  the  compressive  strength  of  hardened  cement  paste  (1 :  0)  of  normal 
consistency  (about  35*70)  are  shown  in  Figs.  5  and  6  [23], 

The  recent  work  of  Budnikov,  Kosyreva,  and  Kuznetsov  [24]  on  the  production  of  alite-free  cement  from 
mixtures  of  low-grade  bauxite  (40*70),  chalk  (30*70)  and  calcium  (30*7o)  fired  at  1200*  showed  that  the  cement  formed 
has  the  following  chemical  composition  (‘7>);  SiOj  11.96,  AI1O3  21.06  FejO^  5.20,  CaO  42.05,  MgO  1,23,  S08 
19.12.  Evidently  the  calcium  sulfate  content  of  this  cement  is  equivalent  to  the  amount  of  SOj  found;  i,e„  it  is 
32.50*7o  CaSO^.  Therefore  the  amount  of  CaO  bound  with  SiOj,  AltOs,  FejOj,  must  be  42.05—  13,38  =  28.6 7*7o. 

These  alite-free  cements  must  therefore  be  classed  with  the  sulfoaluminate  cements,  as  when  they  are  mixed 
with  water  calcium  hydrosulfoaluminate,  which  plays  an  important  role  in  structure  formation,  is  formed. 

Tlie  results  of  determinations  of  the  sulfate  resistance  of  12-month  cements  of  different  mineral  composi¬ 
tions,  reported  by  Okorokov,  Vol’fson,  and  Burakova  [25],  show  that  only  cements  which  do  not  contain  C3S  and 
C3A  can  be  sulfate-resistant  (KSij>l).  For  cements  containing  relatively  small  amounts  of  CsS,  KS<1;  it  follows 
that  such  cements  are  gradually  destroyed  in  5*7o  NajSQi  solution.  Therefore  sulfate-resistant  cements  have  the 
mineral  composition  CiS-lb%,  C4AF  +CiF  =  25*70. 

Alite-free  cement  contains  [24]  QAF,  CjS,  and  CA  in  addition  to  CaSO^.  When  such  cement  is  hydrated, 
monocalcium  aluminate  reacts  with  CaS04  to  form  calcium  sulfoaluminate.  The  coefficient  of  sulfate  resistance 
(KSi)  of  this  cement  in  NajSO^  and  3*7®  MgSQ4  solutions,  calculated  from  these  authors’  data,  is  less  than  unity 
(KSi  =  0.79  —  0.93  for  cement  with  a  rating  of  157  —  175  kg/cm*). 

No  attack  or  changes  were  found  in  specimens  molded  from  our  belite  cement  when  exposed  to  5‘7>  solu¬ 
tion  of  Na8S04+MgS04  for  a  year  and  more. 

When  burned-clay  cement  was  made  from  clay  burned  at  650*,  mixed  with  lime  (10*7o)  and  calcium  sulfate  (3*70), 
it  was  found  that  the  hardening  of  cubes  made  from  this  mixture  and  sand  is  accelerated  by  steaming;  therefore 
the  reaction  between  amorphous  silica  and  calcium  hydroxide  is  accelerated.  It  is  likely  that  the  use  of  steam 
in  the  burning  of  sulfoaluminate  raw  mixes  should  have  a  similar  effect. 

Le  Chatelier  [26]  treated  calcium  chlorosilicate  with  steam  at  600*  and  obtained  tricalcium  silicate 


2CaO  .  SiOa  •  CaCl2+  HgO  3CaO  •  Si02  + 21101, 

which  is,  of  course,  one  of  the  most  valuable  components  of  Portland  cement  and  which  is  usually  formed  from 
3  CaO  and  SiO*  at  1500*. 

Budnikov  and  Berezhnoi  [27]  also  noted  the  accelerating  effect  of  steam  on  reactions  between  certain  sub¬ 
stances.  If  a  reaction  takes  place  in  presence  of  water  vapor,  then  the  value  of  the  constant  C,  which  is  a  quanti- 

tative  measure  of  the  possibility  of  particle  diffusion,  in  the  equation  log  K  =  log  C~*  ,  is  increased  8.5-fold. 
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Fig.  5.  Effect  of  hardening  time 
on  the  compressive  strength  of 
belite  cement: 

A)  compressive  strength  (kg/cm*), 

B)  time  (days);  storage  conditions: 
1)  wet;  2)  wet,  with  2%  CaCli; 

3)  humid;  4)  in  air. 


Fig.  6,  Effect  of  hardening  time 
on  the  compressive  strength  of 
burned-clay  cement; 

A)  compressive  strength  (kg/cm*), 

B)  temperature  (deg),  C)  time 
(hours);  storage:  1)  wet,  2)  humid, 
3)  steaming. 


The  accelerating  effect  of  steam  on  the  reaction  SiOj+CaO  is  due  to  loosening  of  the  crystal  lattice  and  increase 
in  the  dispersity  of  the  reaction  product  (2CaO»  SiOj),  which  facilitates  diffusion  of  the  substances  ccxistitutlng 
the  reaction  mixture. 

We  used  the  method  of  firing  in  presence  of  steam  for  the  preparation  of  a  cement  from  a  mixture  of  sul- 
fated  clay  and  calcium  oxide  (1 : 1),  with  calcium  chloride  in  an  amount  calculated  to  yield  calcium  chloro- 
silicate  (2CaO*  SiOj*  CaClj).  The  experiments  were  performed  in  a  furnace  containing  an  iron  tube  filled  with 
lumps  of  the  raw  mix.  The  firing  was  continued  for  2  hours  at  600*.  Steam  was  passed  continuously  through  the 
tube  during  the  firing.  The  product  had  the  following  characteristics:  water  sorption  35^70,  start  of  setting  8-12 
minutes,  compressive  strength  of  cubes  (1 :0)  after  14  days  of  hardening  in  water  170  kg/cm*. 

SUMMARY 

1)  The  hydraulic  burned-clay  ("glinlt")  cement  made  by  the  mixing  of  dehydrated  clay,  containing  de¬ 
composed  clay  minerals,  with  lime  has  a  very  low  rate  of  hardening.  Normal  initial  hardening  of  such  cement 
is  possible  only  in  a  moist  medium.  Burned-clay  cement  can  be  hardened  in  water  only  on  the  8th  day  after 
hardening  in  a  moist  atmosphere,  when  the  compressive  strength  reaches  about  20  kg/cm*.  Hardening  in  air 
stops  as  the  material  dries.  In  specimens  of  28-day  burned-clay  cement  the  strength  increase  is  only  50^  of  that 
obtained  by  steaming  of  the  specimens  for  12  hours  (192  kg/cm*). 

2)  The  use  of  hydrosulfoaluminate  in  conjunction  with  calcium  silicate  formed  in  solid-state  reactions 
confers  considerably  better  properties  on  the  cement  and  ensures: 

a)  normal  and  in  some  cases  accelerated  setting, 

b)  hardening  under  any  conditions  —  in  water,  humid  atmospheres,  air,  and  steam,  c)  a  fairly  high  raring 
in  mortars  (1 : 3)  with  sand,  about  250  kg/cm*,  and  a  significantly  high  rating  in  paste  (1;  0),  500  kg/cm*,  and 

d)  sulfate  resistance. 

3)  A  specific  characteristic  of  the  method  of  production  of  sulfoaluminate  cements  from  the  products  of 
solid-state  reactions  is  preliminary  breakdown  of  the  stmcture  of  the  clay  materials  with  liberation  of  free  oxides: 
amorphous  silica  and  alumina.  CXir  method  for  the  breakdown  of  clay  minerals  by  treatment  of  clay  with  sul¬ 
furic  acid  is  probably  not  the  only  possible  method.  It  is  possible  that  sulfoaluminate  cements  produced  in  accor¬ 
dance  with  the  principle  discussed  in  this  paper  may  prove  valuable  hydraulic  cements. 
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PROPERTIES  OF  SILICA  GELS  MADE  BY  THE  DRYING 
OF  SILICIC  ACID  GELS  IN  VACUUM 

Z.  Z.  Vysotskii  and  V.  V.  Shalya 


The  significance  of  silica  gels  as  adsorbents  and  catalyst  supports  is  well  known  and  increases  year  by 
year,  and  therefore  searches  for  new  methods  for  production  of  silica  gels  with  different  pore  structures  on  the 
one  hand,  and  the  theory  of  formation  of  such  pore  structures  during  preparation  of  the  gels  on  the  other,  are  of 
definite  interest. 

Veselovskii  and  Selyaev  [1]  were  the  first  to  formulate  clearly  and  to  confirm  experimentally  the  view 
that  the  capillary  forces  which  compress  the  gel  framework  of  silicic  acid  during  dehydration  mainly  depend  on 
the  surface  tension  of  the  intermicellar  liquid;  this  surface  tension  is  therefore  of  decisive  significance  in  the 
formation  of  the  pore  structure  of  silica  gels.  This  viewpoint  was  subsequently  accepted  by  Neimark  et  al.  [2], 
who  presented  additional  experimental  data  in  its  support. 

However,  even  the  experimental  data  so  far  obtained  in  this  field  indicate  that  the  above  interpretation 
is  by  no  means  conclusive.  Moreover,  in  the  case  of  the  microheterogeneous  systems  “  gels  “  in  question,  it 
could  be  assumed  that  the  surface  tension  of  the  intermicellar  liquid  should  in  general  be  of  subsidiary  importance, 
while  the  main  factor  determining  the  magnitude  of  the  capillary  forces  during  the  drying  of  a  silica  gel  is  the 
intensity  of  interaction  between  the  intermicellar  liquid  and  the  silicic  acid  micelles.  This  factor  is  formally 
taken  into  account  as  the  term  cose  in  the  formula  for  capillalry  forces,  p  =  2y  ‘CosG/r. 

One  possible  way  of  testing  experimentally  the  effect  of  the  surface  tension  of  the  intermicellar  liquid 
would  be  to  dry  a  gel,  both  at  atmospheric  pressure  and  room  temperature,  when  the  intermicellar  phase  is  liquid, 
and  also  under  reduced  pressure  and  with  cooling  of  the  gel,  when  the  intermicellar  phase  is  solid  and  capillary 
forces  are  ineffective. 

This  paper  contains  the  results  of  such  a  comparative  study  of  silica  gels  prepared  from  silicic  acid  gels  in 
water,  alcohol,  and  benzene.  A  method,  developed  in  the  course  of  the  investigation,  for  vacuum  drying  of  silic¬ 
ic  acid  gels  at  low  temperatures  is  also  described. 

EXPERIMENTAL 

Preparation  of  silica  gels.  Silicic  acid  hydrogels  were  made  by  the  usual  method  —  addition  of  a  solution 
of  sodium  or  potassium  silicate  to  a  solution  of  sulfuric  acid;  the  acid  sol  formed  passed  after  a  few  hours  into  a 
hydrogel,  which  was  then  washed  free  from  salts.  The  details  of  the  preparation  and  washing  of  the  gels  are  given 
in  the  table. 

The  alcogel  was  made  from  hydrogels,  water  being  replaced  by  ethanol  by  repeated  treatment  of  the  hy¬ 
drogels  with  alcohol  at  room  temperature,  and  the  aqueous  alcohol  was  decanted  off  every  24  hours. 

Two  methods  were  used  for  preparation  of  the  gels  in  benzene:  1)  at  room  temperature,  water  being  re¬ 
placed  by  alcohol  and  alcohol  by  benzene,  as  described  above,  and  2)  at  the  boiling  point  of  benzene,  directly 
from  the  hydrogel  which  was  boiled  in  benzene  with  continuous  distillation  of  water  “  benzene  mixture  and  addi¬ 
tions  of  pure  benzene. 

All  the  gels  were  dried  in  the  simple  vacuum  apparatus  shown  schematically  in  Fig.  1.  (In  every  case  a 
part  of  the  gel  was  separated  and  dried  at  room  temperature  in  air  as  a  control).  The  apparatus  consists  of  a  glass 
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Preparation  and  Adsorption  Capacity  of  Silica  Gels 


Hydrogel  preparation 
and  washing 

Drying  conditions 

M 

0 

> 

Sorbent  pore  volume 

Vs  (cc/g) 

Series  No. 

— 

Sample  No 

Static  acti 

by  ad¬ 
sorption 
of  QHe 

from  HjP 
adsorp¬ 
tion 

isotherm 

1 

11 

In  air  at  room  temperature 

23.2 

0.26 

— 

2  volumes  of  NajSi03  \ 

12 

In  vacuum,  externally  cooled 

(d  =  1.15)  + 1  volume  of  / 

to  -15’ 

24,6 

0.28 

0.28 

I 

IIjS04  (1.18);  washed  with  j 
acidified  running  water  j 
(pH  ~ 3.5);  Hydrogel  A  | 

13 

Partly  dried  in  air,  then  in 
vacuum  without  external  cooling 

23.7 

0.27 

— 

\ 

14 

Deposit  in  vacuum  condenser 

23.2 

0.26 

— 

II 

2  volumes  of  KjSiO^  , 

(1.19)  +  1  volume  of  j 

21 

In  air  at  room  temperature 

41.2 

0.46 

— 

HiS04  (1.22);  tap  water  j 

22 

In  vacuum,  frozen  by  self- 

(pH ~ 7.5);  Hydrogel  B 

cooling 

61.9 

0.71 

2  volumes  of  NajSiOj  / 

31 

In  air  at  room  temperature 

36.1 

0.41 

— 

III 

(1,19) +  1  volume  of  ) 

H1SO4  (1.22);  tap  water  ) 
(pH~7.5);  Hydrogel  C 

32 

In  vacuum,  frozen  by  self- 
cooling 

53.7 

0.61 

0.69 

Hydrogel  C,  with  water  1 

41 

In  air  at  room  temperature 

39'.'6 

0.45 

— 

IV 

replaced  by  ethyl  alcohol,< 
by  repeated  decantation  | 
at  room  temperature 

42 

In  vacuum,  frozen  by  self- 
cooling 

68.3 

0:i8 

— 

Hydrogel  A,  with  water  j 

51 

In  air  at  room  temperature 

35.1 

0.40 

replaced  at  room  tern-  \ 

52 

Partly  dried  in  air,  then  in 

V 

perature,  by  repeated  , 

vacuum,  frozen  by  self- 

decantation,  with  ethyl 

cooling 

39.1 

0,45 

*— 

alcohol,  and  the  latter  j 
with  benzene  ' 

53 

In  vacuum,  frozen  by  self- 
cooling 

41.2 

0.46 

Hydrogel  C,  with  water  1 
replaced  by  benzene;  ' 

61 

In  air  at  room  temperature 

72.0 

0.82 

— 

VI 

gel  boiled  in  benzene, 
with  distillation  and 

addition  of  fresh  ben-  I 

zene 

1  62 

In  vacuum,  frozen  by  self- 
cooling 

72.0 

0.82 

— 

ampoule  1  with  the  sample,  contained  in  a  Dewar  flask  2  with  a  suitable  freezing  mixture,  or  without,  as  vacuum 
drying  (especially  of  hydrogels)  is  accompanied  by  intensive  self-cooling  of  the  samples.  The  ampoule  is  con¬ 
nected  through  the  three-way  cock  3  and  intermediate  stopcock  4  to  a  condenser  5,  immersed  in  liquid  air  in  the 
Dewar  flask  6  and  joined  to  a  vacuum  pump  through  the  stopcock  7.  After  the  sample  had  been  put  into  the 
ampoule,  the  apparatus  was  evacuated,  the  stopcock  7  was  closed,  and  the  condenser  was  immersed  in  liquid  air; 
as  a  result,  vapor  of  the  intermicellar  substance  began  to  distill  over  into  the  condenser.  In  most  cases  the  gels 
were  converted  into  powders  with  0.1  —  0,5  mm  grains  by  vacuum  drying.  When  hydrogels  were  used,  the  con¬ 
denser  was  found  to  contain  a  suspension  of  fine  silica  gel  powder  after  thawing;  these  particles  were  probably 
entrained  with  the  water  vapor,  although  the  possibility  is  not  excluded  that  they  were  formed  in  the  condenser 
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Fig.  1.  Apparatus  for  vacuum  drying  of 
silica  gels. 


Fig.  2,  Adsorption  isotherm  of  HfO 
vapor  on  silica  gel  12: 

A)  adsorption  of  water  vapor  (milli- 

p 

moles/g),  B)  relative  pressure  (~), 


A 


Fig.  3,  Adsorption  isotherm 
of  HjO  vapor  on  silica  gel  32; 
A)  adsorption  of  water  vapor 
(millimoles/ g),  B)  relative 
p 

pressure  (— ). 

"s 


as  the  result  of  condensation  of  monomeric  silicic  acid  molec¬ 
ules  distilled  under  vacuum  from  the  ampoule  with  the  hydro¬ 
gel  into  the  condenser. 


Investigation  of  the  adsorption  properties  of  the  silica 
gels.  The  sorption  of  benzene  vapor  at  room  temperature  by 
all  the  samples  was  studied  by  the  desiccator  method.  The 
sorptive  pore  volumes  of  the  samples  were  calculated  from 
the  static  activities  determined  by  this  method.  In  some  cases 
the  isotherms  for  adsorption  of  water  vapor  in  vacuum  at  20* 
were  determined  by  the  quartz  spring  balance  method. 


RESULTS  AND  DISCUSSION 

The  results  of  the  investigation  are  given  in  the  table 
and  in  Figs.  2  and  3.  Three  series  of  hydrogels  (I.  H,  and  III), 
one  series  of  alcogels  (IV).  and  two  series  of  benzene  gels 
(V  and  VI)  were  prepared. 

It  follows  from  the  data  in  the  table  that  the  control 
sample  11  and  samples  12”  14  of  Series  I,  made  from  sodium 
silicate,  have  the  same  sorptive  pore  volume  Vj,  irrespective¬ 
ly  of  the  very  different  dehydration  conditions.  Fig.  2  shows 
the  isotherm  for  adsorption  of  HfO  vapor  on  sample  12;  it  is 
seen  that  the  samples  of  this  series  are  typical  microporous 
silica  gels.  The  common  feature  of  Series  I  is  that  the  origi¬ 
nal  hydrogel  A  was  washed  free  from  salts  with  acidified  tap 
water  of  pH~3.5. 


However,  it  was  found  in  Series  II,  the  hydrogels  of 

which  were  prepared  from  potassium  silicate  and  washed  with  tap  water  at  pH ~  7.5  (hydrogel  B),  that  the  vacuum- 
dried  sample  22  has  a  much  higher  adsorption  capacity  than  the  control  sample  21.  To  determine  the  cause  of 
this  difference  between  Series  I  and  n  ”  to  find  whether  it  was  due  to  the  nature  of  the  silicate  or  to  the  pH  of 
the  wash  water”  Series  III  was  prepared  from  sodium  silicate  (Hydrogel  C),  the  samples  being  washed,  as  for 
Series  II,  by  tap  water  with  pH~7.5.  It  follows  from  the  table  that  in  this  case,  as  in  Series  II,  control  sample 
31  is  less  porous  than  the  vacuum-dried  silica  gel  32,  The  isotherm  in  Fig.  3  shows  that  this  sample  is  coarsely 
porous. 


This  leads  to  the  conclusion  that  the  control  and  vacuum-dried  samples  differ  in  porosity  only  if  washed 
with  V  ater  at  pH~7.5  (Series  in  and  IV),  regardless  of  the  nature  of  the  original  silicate. 


36 


The  control  (41)  and  vacuum-dried  (42)  alcogels  differ  in  pore  structure.  Comparison  of  the  porosity  of 
control  sample  31  with  that  of  the  control  alcogel  41  shows  that  they  are  almost  the  same  in  stmcture,  although 
the  surface  tensions  of  water  and  ethanol  differ  considerably.  However,  these  hydroxylic  compounds  are  similar 
in  chemical  stmcture.  The  situation  is  different  if  the  hydrogel  water  is  replaced  by  benzene  ^compare  control 
samples  11  and  51,  and  31  and  61  respectively).  This  result  should  evidently  be  attributed  to  differences  between 
the  chemical  properties  of  water  and  benzene. 

The  benzene  gels  of  Series  V,  prepared  at  room  temperature,  have  approximately  the  same  pore  stmcture, 
despite  the  different  drying  conditions.  Similarly,  the  adsorptiye  power  of  benzene  gels  of  Series  VI  (control 
sample  61,  and  vacuum-dried  sample  62,  made  by  boiling  in  benzene)  is  also  the  same  in  the  two  cases,  although 
comparison  of  the  porosities  of  the  gels  in  the  two  series  shows  that  gels  of  Series  vj  have  coarser  pores  than  gels 
of  Series  V.  Thus,  despite  the  fact  that  the  control  benzene  gels  (Series  V  and  VI)  were  dried  under  conditions 
such  that  the  surface  tension  of  liquid  benzene  could  have  an  effect,  whereas  this  possibility  was  excluded  in 
vacuum  drying,  benzene  gels  made  by  the  same  method,  with  water  replaced  at  the  same  temperamre,  had  the 
same  porosity.  In  this  case  the  surface  tension  of  benzene  apparently  has  a  subordinate  role,  and  the  stmcture  of 
silica  gels  obtained  from  benzene  gels  is  determined  by  the  interaction  of  the  intermicellar  liquid,  benzene,  with 
the  surface  of  the  silicic  acid  micelles;  this  interaction  differs  for  series  V  and  VI  respectively,  prepared  by  dif¬ 
ferent  methods  and  at  different  temperamres,  and  therefore  the  gels  of  Series  V  differ  in  porosity  from  gels  of 
Series  VI. 

It  follows  from  the  results  of  these  experiments,  in  which  the  control  samples  were  dried  under  conditions 
in  which  the  intermicellar  phase  was  liquid,  while  the  test  samples  were  dried  by  sublimation  of  the  intermicellar 
substance  from  the  solid  state,  that  in  some  cases  (Series  II,  III,  and  IV)  the  porosity  differs  in  accordance  with 
the  drying  conditions,  while  in  others  (Series  I,  V,  and  VI)  it  is  the  same.  Therefore  the  surface  tension  of  the 
intermicellar  substance  is  not  the  sole  and  decisive  factor  determining  the  magnimde  of  the  capillary  forces. 

Tlie  above  comparison  of  the  properties  of  control  silica  gels  made  from  gels  in  water,  alcohol,  and  benzene 
shows  that  the  observed  facts  are  explained  more  satisfactorily  if  it  is  assumed  that  the  degree  of  interaction  be¬ 
tween  tile  dispersion  medium  and  the  disperse  phase  has  the  decisive  influence  on  the  stmcmre  of  silica  gels. 

SUMMARY 

1.  Microporous  silica  gels  of  the  same  pore  stmcmre  are  formed  when  silicic  acid  hydrogels,  washed  with 
acidified  water  (pH ~  3.5)  are  dehydrated  either  in  air  at  room  temperature  or  under  vacuum  (with  or  without 
cooling). 

If  hydrogels  washed  with  tap  water  (pH~7.5)  and  alcogels  made  by  replacement  of  water  at  room  temper¬ 
ature  are  dried  in  vacuum,  the  silica  gels  formed  are  more  coarsely  porous  than  air-dried  silica  gels. 

Benzene  gels  formed  by  replacement  of  water  by  benzene,  the  hydrogel  being  boiled  in  benzene  with  con¬ 
tinuous  distillation  of  the  liquid,  and  benzene  gels  formed  from  alcogels  at  room  temperamre,  do  not  differ  in 
pore  stmcmre  from  the  corresponding  control  samples;  i.e.,  the  structure  of  benzene  gels  is  almost  independent 
of  the  drying  method. 

However,  the  porosity  of  benzene  gels  depends  significantly  on  the  method  used  for  replacement  of  water 
by  benzene. 

2.  Replacement  of  water  in  a  hydrogel  by  ethyl  alcohol  at  room  temperamre,  followed  by  drying  of  the 
alcogel,  produces  almost  no  change  in  the  pore  stmcmre  of  the  dry  gel,  despite  the  difference  between  the  sur¬ 
face  tensions  of  water  and  ethanol.  The  gel  strucmre  is  altered  by  replacement  of  water  by  benzene. 

3.  The  surface  tension  of  the  intermicellar  liquid  is  not,  in  general,  decisive  in  the  formation  of  the  pore 
structure  of  silica  gels. 

The  pore  stmcmre  of  a  silica  gel  depends  primarily  on  physicochemical  processes  taking  place  on  the  sur¬ 
face  of  the  micellar  framework  of  the  silicic  acid  gel  and  on  differences  in  the  molecular  strucmre  of  the  dis¬ 
perse  phase  and  dispersion  medium,  which  influence  the  intensity  of  their  interaction  and  therefore  the  rate  and 
degree  of  formation  of  the  microheterogeneous  stmcmre  of  the  hydrogel  (or  benzene  or  alcohol  gel). 
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ROLE  OF  THE  LIQUID  PHASE  IN  THE  SINTERING  OF 
FORSTERITE  REFRACTORIES 

G.  V.  Kukolev  and  S.  I.  Shcheglov 
The  V.  I.  Lenin  Polytechnic  Institute,  Khar'kov 

The  purpose  of  our  investigation  was  a  study  of  the  sintering  of  forsterite  refractories  In  relation  to  phase- 
equilibrium  data. 

Goldschmidt  [1],  Arshinov  [2.  3],  Basilevich  [4-6],  Andreev  [7,  8],  Berezhnoi  [9“  12],  Tsynkina  [13,  14], 
Mamykin  [15]  and  others  have  published  papers  on  the  sintering  of  forsterite  refractories. 

However,  no  systematic  investigations  of  the  liquid-phase  sintering  of  forsterite  refractories  have  been 
carried  out  as  yet,  although  in  practice  the  production  of  dense  forsterite  refractories  involves  considerable  dif¬ 
ficulties. 

Our  investigations  were  performed  with  various  mixtures  in  the  systems:  MgO“  SiOj,  MgO*“  AliOj"" 
vSiOj,  2MgO-SiOi- Si0j-Ca0*Ali03*2Si0i  and  Na^“  MgO- SiO,.* 

Tlie  compositions  of  the  original  mixtures  required  to  give  definite  amounts  of  liquid  phase  at  particular 
temperatures  in  the  field  of  primarv  crystallization  of  forsterite  were  calculated  by  analysis.  The  calculations 
were  checked  graphically. 

The  samples  were  prepared  from  mixtures  yielding  5.15  and  25*1^  of  melts  of  the  same  composition,  for  a 
given  system  and  temperature,  in  equilibrium  with  solid  forsterite.  The  initial  bulk  density  of  all  the  mixtures 
was  1.54  g/cc  (porosity  about  48%). 

The  degree  of  sintering  was  determined  from  changes  of  bulk  density,  apparent  and  true  porosity,  and  com¬ 
pressive  strength  of  the  samples. 

The  melt  viscosity,  and  in  some  instances  the  surface  tension,  was  determined  by  the  method  developed  by 
Ermolaeva  in  the  All-Union  Scientific  Research  Institute  of  Refractories  (Khar'kov).  The  surface  tension  of  the 
melts  was  calculated  from  Appen's  data  [16]  in  most  cases.  Magnesium  oxide  of  analytical-reagent  grade,  and 
quartz  sand  ground  and  washed  in  10%  HCl  solution,  were  used  for  studies  of  the  phase  equilibria. 

Oxides  in  amounts  of  0.01  mole  per  100  g  of  the  principal  mixture  were  added.  The  effects  of  the  follow¬ 
ing  additives  were  studied:  V1O5,  B2O3,  P2O5,  FejOs,  LijO,  ZrOj,  WO3,  TiOj,  AljO],  MnOj,  CuO,  BijQs,  NajO, 
CrjOj,  KjO,  BaO,  PbO,  CdO,  CoO,  ZnO  and  NiO. 

It  is  clear  from  the  curves  in  Fig.  1  (changes  of  true  porosity)  that  sintering  of  mixmres  in  the  system  MgO“ 
SiOj  proceeds  very  slowly,  but  is  more  rapid  at  1700*  if  15%  of  melt  is  formed  in  the  samples.  However,  it  does 
not  go  to  completion  even  in  the  latter  case.  Increases  of  the  amount  of  melt  above  15%  have  little  effect  on 
the  sintering  process. 

Sintering  of  the  mixtures  is  much  more  intensive  in  the  systems  M  —  A  “  S  and  MjS  “  S  “  CASj.  Even  at 
1500®,  with  the  same  amounts  of  melt,  it  approaches  to  the  sintering  of  the  system  MgO“  SiOj  at  1700®.  Increase 
of  the  firing  temperamre  of  mixtures  in  the  systems  M  —  A“  S  and  MjS—  S^CASj  to  1700®  improves  sintering 
a  little  (Figs.  2  and  3). 

•  The  following  abbreviated  notation  is  used  below  in  most  cases:  SiOj”  S,  AI{C^  “  A,  MgO”“  M,  CaO”*  C, 
NajO-  N. 


Fig.  1.  Sintering  of  forsterite  in  the  sys¬ 
tem  MgO“  SiO*: 

A)  true  porosity  0o),  B)  content  of  melt 


Fig.  2.  Sintering  of  forsterite  in  the  sys¬ 
tem  MgO-  AljQs  “  SiOj: 

A)  tme  porosity  (^o),  B)  content  of  melt 
00). 


It  follows  from  the  curves  in  Fig.  4  that  sintering  of  mix¬ 
tures  in  the  system  N“  M“  S  increases  considerably  with  in¬ 
crease  of  the  amount  of  melt  from  5  to  15*70,  and  to  a  smaller 
extent  with  increase  of  temperature. 

We  found  that  the  mixtures  giving  the  best  sintering  are 
those  for  which  the  point  representing  the  composition  of  the 
melts  lie  within  the  primary  crystallization  field  of  forsterite. 

In  the  system  M  *“  A  “  S  the  point  1  for  the  melt  composition 
was  taken  in  the  1500*  isotherm  at  the  boundary  curve  between 
the  primary  crystallization  fields  of  forsterite  and  clinoenstatite, 
and  the  point  2  — within  the  primary  crystallization  field  of 
forsterite,  and  the  point  3  —  at  the  boundary  curve  between  the 
primary  crystallization  fields  of  forsterite  and  periclase  in  the 
same  system.  The  mixtures  formed  15*70  of  melt  during  firing. 

It  was  found  that  samples  containing  a  melt  of  the  composition 
corresponding  to  point  1  had  27.4*7®  porosity,  those  correspond¬ 
ing  to  point  2,  19.6*^,  and  those  corresponding  to  point  3,  23.9*70 
(Fig.  5).  Similar  relationships  were  found  for  other  systems. 

At  1600*  the  sintering  of  mixtures  worsens  from  left  to 
right  in  the  series  M  “  A  —  S  -►  MjS  “  S  “  CASj  -*•  M  —  S.  With 
regard  to  the  sintering  rate,  which  is  already  considerable  at 
1400®,  the  system  N  ~  M  ~  S  could  be  placed  before  the  system 
M  -  A  -  S. 

The  degree  of  sintering  of  the  solid  phase  and  its  tendency 
to  recrystallization  are  closely  associated  with  the  structure  of 
the  melt  present  in  the  mixture.  They  increase  with  increase 
of  the  amount  of  the  cybotactical  regions  forming  in  the  melt, 
corresponding  to  the  crystal  lattice  of  the  sintering  solid  phase 
[17,  18], 

The  better  sintering  of  mixtures  in  the  systems  M  “  A  “ 

S,  MjS  “*  S  “  CASj  in  comparison  with  mixmres  in  the  system 
M  “  S  is  the  consequence  of  the  more  favorable  melt  structures 
in  the  former  two  systems.  Melts  of  mixtures  in  these  two  sys¬ 
tems  contain  many  more  cybotactical  regions  corresponding  to 
the  forsterite  crystal  lattice.  For  example,  at  1600*  the  select¬ 
ed  melts  of  the  systems  M  “  A  “  S  and  MjS  “  S  *“  CASj  contain¬ 
ed  38.2  and  37.7*7®  of  forsterite  respectively  (by  calculation), 
and  the  0:Si  ratios  in  them  were  3.51  and  3.48,  i.e.,  close  to 
4,  which  corresponds  to  forsterite. 


In  presence  of  Mg*^,  Al’"*’  cations  have  a  coordination 

number  of  6  [19],  and  do  not  enter  the  silicon  oxygen  complexes.  In  the  system  M—  S,  on  the  other  hand,  the 
melt  contains  only  9*7®  forsterite  and  its  O:  Si  ratio  is  only  3. 

Increase  of  the  O:  Si  atomic  ratio  in  the  melt  to  approximate  to  4  creates  conditions  in  which  the  concen¬ 
tration  and  formation  of  individual  Si04^*'  tetrahedrons  and  Mg*^  cations  (not  surrounded  by  free  O*^)  necessary 
for  formation  of  the  forsterite  lattice  are  greatest. 

In  the  systems  M  —  A  “  S  and  MjS  “*  S  *“  CASj  at  1500“  the  melt  viscosity  was  13.6  and  18.5  poises  respec¬ 
tively,  i.e.,  considerably  lower  than  in  the  system  M“  S  (35.7  poises).  The  formation  of  individual  SiO^”*  groups 
in  the  melt,  important  for  sintering  and  building  of  the  forsterite  lattice,  lowered  the  melt  viscosity,  and  this  in 
turn  favored  diffusion  and  accelerated  sintering. 

As  SiOj  is  replaced  by  AI1O3,  the  oxygen  —  silicon  complexes  in  the  melt  are  broken  down  and  the  melt 
viscosity  falls  [20].  The  bonds  between  and  Al®^  ions  are  less  stable  than  between  O*  and  Si^^;  the  oxygen 


Fig.  3,  Sintering  of  forsterite  in  the  sys¬ 
tem  2MgO*  SiOj- SiO|- CjO*  AljOs* 
•2SiO,: 

A)  tme  porosity  00),  B)  content  of  melt 
00). 


Fig.  4,  Sintering  of  forsterite  in  the  sys¬ 
tem  NajO“  MgO“*  Si  Of: 

A)  tme  porosity  0o),  B)  content  of  melt 
00). 


anions,  in  passing  to  Si^^,  break  down  the  complexes  of 
the  latter.  This  is  also  favored  by  the  fact  that  in  presence 
of  Mg*^  and  Ca*'*’  aluminum  acquires  sixfold  coordination 
completely  or  partially.  The  complex  silicon  —  oxygen 
groups  present  before  this  in  the  surface  layer  of  the  melt 
pass  into  the  depth  of  the  melt  when  broken  down  because 
of  the  increase  of  their  generalizing  moment,  and  the  sur¬ 
face  tension  of  the  melt  at  its  air  interface  increases  as  a 
result.  If  the  surface  tension  at  the  forsterite  *- melt  bound¬ 
ary  decreases  in  the  process  (which  may  be  assumed  to  be 
the  case  if  the  contact  angles  are  similar),  this  should  be 
unfavorable  for  recrystallization  of  forsterite  through  the 
melt.  At  the  same  time,  the  high  surface  tension  at  the 
melt*' air  interface  should  result  in  a  decrease  in  the  size 
of  pores  with  a  liquid  coating. 


Fig.  5,  Sintering  of  forsterite  in  the  sys¬ 
tem  MgO"*  AljOs  ““  SiOj  in  relation  to 
the  position  of  the  point  for  the  melt 
composition: 

A)  tme  porosity  0o),  B)  content  of  melt 
0o);  the  numbers  of  the  curves  corre¬ 
spond  to  the  points  for  melt  composition. 

the  high  melt  viscositv  in  the  system  N"*  M  “  S, 


In  the  system  N  ■“  M  *-*  S  the  melt  viscosity  at  1400* 
is  considerably  higher  (56.4  poises)  than  in  the  system  M“* 
~  S  at  1500*  (35,7  poises).  The  surface  tension  at  the  melt' 
^  air  boundary  is  considerably  lower  in  the  former  system 
than  in  the  M"  S  system;  however,  sintering  is  rapid  at 
1400*,  differing  little  from  sintering  in  the  systems  M  ^ 

—  A  *”  S  and  MjS  —  S'*  CAS*  even  at  1600*.  There  is  no 
doubt  that  in  this  case  also  the  structure  of  the  melt  has  a 
favorable  effect  on  recrystallization  and  sintering,  despite 
The  low  surface  tension  at  the  melt  —  air  boundary,  determined 


by  the  melt  stmcmre,  should  have  little  effect  in  decreasing  pore  size.  At  the  same  time  (if  the  wettability  is 


the  same)  the  surface  tension  at  the  solid”  melt  boundary  should  increase,  thus  favoring  recrystallization. 


According  to  Esin  [21,  22]  in  presence  of  Na^^  cations  (these  are  weak  cations,  as  their  charge  —  radius 
ratio  is  low)  Sij^OyZ'ions  are  grouped  around  them  with  formation  of  Si04‘*  ions  from  the  weakly-bound  oxygen 
surrounding  the  Na^^  ions.  This  creates  favorable  conditions  for  the  formation  of  cybotactical  groups  correspond¬ 
ing  to  the  forsterite  lattice,  and  therefore  for  sintering. 
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Fig.  6.  Energy  of  interaction  (~~)  between  oxygen  and  ca- 

e* 

lions  added  to  mixtures  in  the  system  MgO“  SiO*.  and  their 
influence  on  the  sintering  of  forsterite: 

A)  interaction  energy  of  cation  and  oxygen,  B)  bulk  density 
(g/cc),  C)  possible  coordination  number  of  the  cation; 
shaded  columns  represent  additives  which  either  improve 
slightly,  or  worsen,  the  sintering  of  mixtures  in  the  system 
MgO-  SiOi. 


The  surface  tension  of  the  melt  in  alkaline  systems  is  decreased  because  MgO  in  melts  of  the  M  “  S  sys¬ 
tem  is  partially  replaced  by  sodium  oxide  with  displacement  of  Na^^  into  the  surface  layer  of  the  melt.  The  in¬ 
fluence  of  Na^  on  the  melt  structure  and  sintering  of  forsterite  is  also  great  because  in  melts  of  this  system  the 


(calculated)  concentration  of  forsterite  at  1400®,  as  indicated  by  the  MgO  content,  is  the  highest"" 45.3%.  An 


interesting  fact  is  that  sintering  in  this  system  cannot  be  retarded  by  the  relatively  low  ratio  of  O:  Si  =  2.93. 


The  effects  of  additives  on  the  sintering  of  forsterite  were  studied  with  mixtures  the  melt-composition 
points  of  which  were  within  the  primary-crystallization  field  of  forsterite;  in  the  M“  S  system  at  1600  and  1700®, 
in  the  M"*  A  “  S  system  at  1500",  in  the  M|S“  S  —  CASj  system  at  1500®,  and  in  the  N—  M*"  S  system  at  1300*. 
The  action  of  some  additives  was  tested  at  other  temperatures. 


In  the  system  N  *"  M  “  S  sintering  is  not  improved  by  additives.  In  the  systems  M  —  A  *"  S  and  MjS  “  S  “ 
— CAS2  additives  significantly  improve  the  sintering  of  mixtures  which  contain  only  small  amounts  of  melt.  In 
the  system  M  *"  S  most  additives  improved  sintering,  even  in  mixtures  containing  15%  of  melt. 


Additions  of  NiO,  ZnO,  and  CoO  either  have  little  effect  on  sintering  in  the  system  M""  S  or  worsen  it. 

The  greatest  improvements  of  sintering  in  these  systems  were  produced  by  additions  of  V^Og,  B2O3,  PjOs  and  Li^O. 
Thus,  in  the  system  M“  S  at  1600®  samples  containing  15%  melt  without  additives  had  true  porosity  of  43.9%, 
and  compressive  strength  288  kg/cm*. 

On  addition  of  VjOs  the  porosity  decreased  to  17.3%,  on  addition  of  BjOs,  it  decreased  to  17.9%,  with  P2O5 
to  18.3%,  and  with  LijO  to  19.3%  (the  compressive  strength  was  1300  —  1800  kg/cm*).  On  the  other  hand,  addi¬ 
tion  of  ZnO  increased  the  porosity  to  47.7%,  and  of  NiO  to  45.2%. 


In  the  system  M  —  A  "*  S  sintering  is  improved  by  considerably  smaller  amounts  of  additives  (including 
V2O5,  B2O3,  P2O5  and  LijO).  Additives  have  a  similar  effect  on  sintering  of  mixtures  in  the  system  M2S  -*  S  — 
“  CASg. 


Thus,  sintering  is  intensive  in  presence  of  additives  which  ensure  either  the  greatest  breakdown  of  the  oxy¬ 
gen  “  silicon  groups  or  the  greatest  removal  of  surrounding  oxygen  ions  from  around  the  Mg*^  cations  and  dis¬ 
placement  of  these  cations  toward  the  Sio/~  groups,  which  is  necessary  to  build  the  forsterite  lattice.  The  exis¬ 
tence  of  these  two  ways  for  intensification  of  sintering  is  clear  from  an  examination  of  our  calculated  values  for 
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Sintering  of  Finely  Ground  Dunlte  and  Talcomagnesite  with  Additives 
at  1500* 


Material 

Additive,  1*70 
by  weight 

1 

True  porosity  (*7o) 

Talcomagnesite  +  25%  caus¬ 

without  addi¬ 

tic  magnesite 

tive 

21,0 

P1O5 

11.7 

B1P3 

12.0 

Dunite  +  15*70  caustic 

without  addi¬ 

magnesite 

tive 

24.0 

PjOg 

16.2 

BjOj 

14.2 

the  electrostatic  energy  of  interaction  of  oxygen  with  Mg*^.  Si^^  and  cations  of  the  additives  [18]  (Fig.  6).  The 
interaction  energies  are  referred  to  the  possible  coordination  numbers  of  the  cations. 

In  the  system  M“  S  the  best  sintering  effects  are  produced  by  additives  which  have  either  much  greater 
energy  of  interaction  (V®^.  B?^)  than  Mg*^,  or  much  lower  (Li  ^).  cations,  having  a  much 

greater  energy  of  interaction  with  O*  than  Mg*^,  take  oxygen  from  the  latter  and  displace  it  toward  the  Si04^" 
groups,  thus  favoring  formation  of  the  forsterite  lattice. 

Tlie  addition  of  LijO,  which  has  a  cation  which  interacts  less  actively  than  Mg*^  with  oxygen,  acts  on  com¬ 
plex  oxygen  “  silicon  groups  with  a  small  generalizing  moment  and  breaks  them  down,  giving  up  its  available 
O*" 

In  the  systems  M  “  A  “  S  and  MjS  —  S  “  CASj  sintering  is  improved  by  additives  which  have  a  greater  in¬ 
teraction  energy  with  oxygen  than  the  Al®^  cation  (V®^,  P®^,  B®^).  The  presence  of  Al®"*^  cations  in  the  melt  it¬ 
self  favors  the  formation  of  cybotactical  regions  in  it,  corresponding  to  the  forsterite  lattice,  as  their  energy  of 
bonding  with  oxygen  is  greater  than  that  of  Mg*^  but  less  than  that  of  Si*\  If  cations  with  a  greater  bonding 
energy  with  oxygen  than  that  of  Al®^  are  introduced,  they  take  oxygen  from  Mg*^,  and  even  from  Al®"*^  if  there 
are  not  enough  oxygen  anions  around  the  Mg*^.  In  this  process  Mg®^,  being  the  weaker  cation,  is  displaced  to¬ 
ward  the  oxygen  —  silicon  tetrahedrons. 

In  the  system  N  “  M  —  S  the  Na®^  cation  is  itself  effective  in  favoring  sintering  and  formation  of  cybotac¬ 
tical  regions  corresponding  to  the  forsterite  lattice  in  the  melt,  and  additives  do  not  improve  sintering. 

It  is  seen  that  additives  which  imiprove  sintering  lower  the  viscosity  and  surface  tension  of  the  melts.  Thus, 
in  the  system  M  —  S  at  1600“  the  melt  without  additives  had  a  viscosity  of  21.2  poises,  while  with  VjOs  the  vis¬ 
cosity  was  16.2,  with  PjOs  it  was  16.4,  with  B^O^  it  was  17.5,  and  with  LiOj  it  was  19.6  poises.  In  the  system 
M  “  A  ■“  S  the  melt  viscosity  without  additives  was  25.3  poises,  while  with  P1O5,  BjO^,  and  LijO  it  was  15.4,  17.2, 
and  17.1  poises  respectively.  Similar  effects  are  produced  in  the  systems  MiS""  S”  CASj  and  N~  M“'  S,  How¬ 
ever,  despite  this,  sintering  is  not  improved  in  the  latter  system. 

The  particularly  effective  sintering  action  of  these  additives  can  be  attributed  to  a  simultaneous  improve¬ 
ment  of  the  structure,  and  decreases  of  the  viscosity  and  surface  tension  of  the  melts.  The  latter,  if  the  wetta¬ 
bility  is  similar,  indicates  an  increase  of  the  surface  tension  at  the  solid  liquid  boundary  and  should  therefore 
accelerate  recrystallization  of  forsterite.  It  was  found,  in  fact,  that  the  forsterite  crystals  are  considerably  larger 
if  any  of  these  additives  are  used. 

A  check  of  the  above  results  in  sintering  tests  with  ground  native  forsterite  materials  containing  additives' 
confirmed  these  conclusions  (see  table). 

Articles  made  from  the  fired  mixtures  without  additives  had  a  true  porosity  of  23,1%  (with  talcomagnesite 
as  the  principal  material)  or  26%  (with  dunite). 

Specimens  made  from  mixtures  containing  1%  additives  had  true  porosity  of  10.5—  11,4  (talcomagnesite) 
and  21,6  —  22.1%  (dunite). 
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THERMODYNAMIC  STUDY  OF  SOLID-PHASE  REACTION  IN  THE 
SYSTEM  CALCIUM  OXIDE  “  ALUMINA 

V.  I.  Babushkin  and  O.  P.  Mched lov- Petrosyan 


The  system  calcium  oxide  —  alumina  plays  an  important  role  in  burning  processes  during  the  production 
of  various  types  of  cements;  hydraulic  lime,  Portland  cement,  and  aluminous  cement.  Therefore  many  workers 
have  studied  the  kinetics  of  solid-phase  reactions  in  this  system  [1  —  6], 

The  system  CaO— AI1O3  was  originally  found  to  contain  four  compounds:  SCaO-AljOs,  SCaO'SAliOj, 
CaO*  AI2O3  and  SCaO’SAljOs  [7],  Later  it  was  established  that  the  compound  bCaO^SAljOj  has  the  tme  com¬ 
position  of  12Ca0*7Ali03  [5,  8],  while  the  compound  SCaO^SAljOj  must  be  actually  CaO»2AltC)^  [9],  Finally, 
it  was  suggested  that  the  compound  3CaO*  IBAljO^  [10]  may  exist,  but  later  this  was  shown  to  be  CaO^OAljO^ 
[11]. 

The  aim  of  the  present  investigation  was  to  determine  the  thermodynamic  conditions  for  the  occurrence 
of  possible  reactions,  and  to  correlate  these  conditions  with  the  above-mentioned  studies  of  the  kinetics  of  cal¬ 
cium  aluminate  formation  in  this  system. 

Thermodynamic  studies  of  the  systems  MgO“  SiOj,  CaO’'"  SiO£  and  AljOj  “*  SiOj  [12]  showed  that  if 
reliable  initial  thermodynamic  data  are  available  this  method  can  provide  a  fundamental  explanation  of  the 
kinetics  of  the  series  of  solid-phase  reactions  under  cwisideration,  revealing  the  sequence  in  which  the  com¬ 
pounds  are  formed  and  explaining  the  reasons  for  the  discrepancies  between  the  experimental  results  of  different 
workers. 


TABLE  1 

Thermodynamic  Data  on  Certain  Compounds 


Compounds 

AHj98 

(cal/mole) 

AZjgs 

(cal/mole) 

AHyans 

(c3,l/inole) 

^trans 

CK) 

CaO . 

-  151790 

—  1444(M) 

T(-Al203  . 

-  391340 

—  368390 

7750 

>1200 

. 

—  399090 

-  376770 

— 

— 

CaO  •  AI  AIt . 

—  554800 

—  52681 K) 

— 

— 

12(:aO  •  7 A  1,03 . 

— 46 1701 M) 

-4365720 

— 

— 

3CaO  •  AI  .Ot . 

—  8500(K) 

—  809100 

It  was  noted  [13]  that  an  urgent  task  in  relation  to  cement  technology  is  to  carry  out  an  investigation  of 
this  tyi>e  for  the  system  CaO“  AljO^.  With  the  publication  of  new  experimental  data  the  solution  of  this  problem 
has  become  more  reliable  [14,  15],  but  because  of  the  absence  of  thermal  data  on  high-alumina  compounds 
these  could  not  be  considered  in  the  calculations. 

Our  starting  data  are  presented  in  Table  1,  which  has  been  compiled  from  a  number  of  sources  [14,  16  —  18], 
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TA  BLE  2 

Results  of  Thermodynamic  Calculations  for  Certain  Reactions 


1 

Reac-  , 
tion 

*^^1000 

AZ,,.., 

iZ.TOO 

1 

—  11070 

—  14010 

—  21550 

—  23940 

—  13200 

-  14000 

—  15950 

2 

—50140 

—  54190 

—  02200 

—  05020 

-1-  25250 

-1-  30300 

4-33010 

— 

3 

—  3290 

-  7510 

—  1971)0 

—  23()(10 

—  14530 

—  17530 

— 

-  20520 

4 

—31720 

—  :14520 

—  45400 

—  49200 

—  25790 

—  209210 

— 

—  27‘H)0 

5 

— 839(;0 

-113930 

— 2(MIOOO 

—220070 

—209700 

— 243(KM) 

— 

—2750.50 

0 

—42980 

—  24150 

-f-  1033U 

-1-  27170 

-f-  47970 

—  51  OIK) 

— 

-1-  53910 

7 

-1-33110 

-1  1020 

—  70800 

—  1(M)050 

—120080 

1  151770 

_ 

—  180990 

8 

-t  25550 

-1  43880 

f  90320 

4-104580 

4-119220 

4-134190 

— 

-1-149360 

!) 

-f  8380 

-f  0500 

-1-  2030 

-1-  850 

—  410 

1540 

— 

-  3780 

10 

1  9200 

-1  55200 

!  170880 

-1-204800 

4-242020 

1-279790 

— 

-1-319070 

We  now  consider  the  following  reactions  with  the  aid  of  the  data  in  Table  1. 

CaO  I  AI2O3  ^  CnO  •  AI2O3. 

12CaO  1  7AI2O3  12CaO  •  7AI2O3, 

3CaO  1  AI2O3  ->■  nCaO  •  AI2O3, 

3CaO  .  AiaO;,  t  ^Al203  ->  3(CaO  •  AI2O3), 

12CaO  •  7AI2O3  I  r)Al203  12(Ca()  •  AI2O3), 

/i(3Ca()  .  A  1.3)3)  I  3AI2O3  12CaO  •  7AI2O3, 

12(;a()  .  7A|.3)a  1  HCaO  ->  7  (3Ca()  •  AI.2O3), 

7(Ca()  •  AI.3)3) -l-bCaO  ->  12CaO  •  7AI2O3, 

CaO  .  A|.3)3  I  2CaO  3(:aO  •  AI2O3. 
r){3CaO  •  Al, ,();,)  I  _!)(Ca()  •  Al-.Oa)  2(l2CaO  •  7AI2O3). 

The  calculated  results  for  these  reactions  are  given  to  an  accuracy  of  10  calories  (Table  2). 

Variations  of  AZ  with  temperature  were  determined  by  means  of  the  formula 

I  I 

VA  -.  •  7’ In  7’- y  AT,  -  /’2_  y  Al',  .  7’-i  |  t/ •  7’, 

the  coefficients  in  which  are  found  from  the  equation  for  the  heat  capacity  of  the  system  as  a  function  of  tem¬ 
perature: 


A(  >  =  Aro  1  Ar,  .  T  I  Al'.,  .  7’-‘2. 

while  AHo  is  found  from  the  equation  for  AH  as  a  function  of  T  and  a  known  value  of  AHjgg: 

I 

A//n  -r  A//2(,s  --  Al’o  •  —  -r  -il’i  •  T'  I  A|'._,  •  7’-'. 


For  determination  of  variation  of  heat  capacity  of  the  reaction  components  with  increase  of  temperature 
we  used  equations  which  give  errors  of  2“  in  the  1000—  1700®  K  range.  The  results  are  given  below: 


Substance  Heat  capacity 

CaO . c,,  =  ii  .(')7  -I-  1 .08  .  10-'’7’  —  1.56-  lO^T-a, 

7- A1.A)3 . cp  =  1().37  -1  1 1 . 1  • 

1  Al.O;, . c,,  =  27.43  I  3.00  •  10-37’  —  8.47  •  lO'-'T-z, 

CaO  •  AI2O3 . t>  =  34.02  i  0.75  •  10-3r  —  0.70  •  lO^T-s, 

l2CaO  .  7A1.,03 . C;,  =  291.32  |  50.3  •  l0-3r  — 5.25  •  10->7’-2, 

3CaO  •  AI2O3 . Cp  =  52.34-1-  •  10-37’-!  0.55  •  1037’-2. 
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The  first  and  third  equations  are  taken  from  the  summary  by  K.  Kelley  [19],  while  all  the  others  were 
obtained  by  calculations  of  heat  capacities  from  entropy  data  [20], 

The  data  were  used  to  derive  equations  for  Reactions  (1  —  10),  the  first  three  being  independent:  the  heat 
of  transition  of  y-Al|Os  to  a-AljO^  at  temperatures  above  1200*  K  was  taken  into  account  in  the  calculations.* 


Reaction  (1) 

AZ  =  —13120  —  6.58'r  •  lii  T  -j-  2.71  •  10-3r2  —  0.4  •  lO^T-i  -J-  34.4r  -  to  1200°  K; 

AZ  =  +409  r  4.487’  •  In  T  —  1.3  •  lO'^TZ  —  4.63  •  lOST-i  —  40.17’  -  to  fusion. 

Reaction  (2) 

AZ  =  —60760  —  36.737’  In  T  i  20.17  •  lO'^T’a  —  6.72  •  lO^r-i  +  2327’  —to  1200°  K; 

=  +33950  1  40.69r  •  In  7’  —  7.96  •  Kr-iT’s  —  36.37  •  lO^T’-i  —  288r  -  to  fusion. 

Reaction  (3) 

AZ  =  —1890  —  0.967’  In  T  —  0.73  •  lO-ayz  —  2.61  •  10'->7’-i  —  10.25r  —  to  12(X)°  K; 

AZ  =  +11660  +  10.17’  In  7’  —  4.74  •  lO  ^T’a  —  6.85  •  lO^T-i  —  84.87’  —  to  fusion. 

Reaction  (4) 

AZ  =  —37470  —  18.787’  In  T  +  8.87  •  10-»r2  -I-  1.41  •  lO^T-i  +  112.57  —  to  1200°  K; 

AZ  =  —10410  —  3.347  In  7  +  0.83  •  10-372  7.05  •  11)37-1  —  367  —  to  fusion. 

Reaction  (5) 

AZ  =  —96700  —  42.477  In  7  +  12.47  •  10-372  +  1.93  •  lO^T-i  +  176.57  —  to  1200°  K; 

AZ  =  —36790  —  13.037  In  7  —  7.7  •  10-372  4-  19.24  •  1037-1  —  20.27  —to  fusion. 

Reaction  (6) 

AZ  =  —53140  —  32.867  In  7  +  23.1  •  IO-372  +  3.72  •  105  7-i  +  2737  to  1200°  K; 

AZ  =  —15140  +  0.337  In  7  —  17.4  •  10-37’2  +  8.98  •  1057-1  +  67.57  -  to  fusion. 

Reaction  (7) 

AZ  =  +47650  +  29.977  In  7  —  25.29  •  10-372  —  11.57  •  1057-1  —  3057  -  to  fusion. 

Reaction  (8) 

AZ  =  f 31080  +  9.377  In  7  —  1.17  •  l(r372  —  3.93  •  1057-1  -  6.347  —to  fusion. 

Reaction  (9) 

AZ  =  +11290  +  5.847  In  7  —  3.44  •  10-372  -  2.21  -  1057-1  —  45.97  —  to  fusion. 

Reaction  (10) 

AZ  =  +5990  —  9.367  In  7  —  19.57  •  10-37-  +  3.2  •  1057-1  +  2097. 

The  results  of  the  calculations  are  summarized  in  the  diagram. 

Examination  of  the  data  in  Table  2  and  the  diagram  shows  that  the  primary  reaction  product  of  the  oxides 
must  be  12Ca0*7Al203  [Reaction  (2)],  but  this  is  immediately  converted,  with  a  large  change  of  free  energy, 
into  CaO'AljO^  or  SCaO^AljO^,  depending  on  which  is  present  in  excess  “  AljOs  or  CaO  [Reactions  (5)  and  (7)]. 

In  the  range  of  the  alumina  y-a  transition  (900*)  the  free  energy  of  Reaction  (2)  decreases  sharply,  and 
the  formation  of  CaO*AljO^  by  Reaction  (4)  also  becomes  possible. 

Whereas  in  presence  of  excess  AljO^.CaO*  Al^O^  is  formed  readily  both  from  12CaO*7AljPs  [Reaction  (5)] 
and  from  3Ca0*Alj03  [Reaction  (4)],  by  saturation  with  alumina,  according  to  the  observations  of  Belyankin  et 
al.  [6]  in  presence  of  excess  lime  saturation  to  compounds  richer  in  calcium  oxide  proceeds  only  by  way  of 
12CaO*  7AljC)^  [Reaction  (7)]  and  not  by  absorption  of  lime  by  monocalcium  aluminate  [Reaction  (9)]. 


•  Analogous  calculations  performed  by  Coughlin  [14]  are  of  no  practical  interest,  as  the  starting  data  were  for 
a-AljOs  and  CaO.  whereas  we  are  concerned  with  more  active  forms  of  alumina  for  most  types  of  aluminous 
materials  (bauxites,  kaolin). 
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Free  energy  change  AF  =  f  (T)  in  reactions  (F  in 
cal/mole)  in  the  system  CaO—  AI2O3  as  a  func¬ 
tion  of  temperature. 


The  complete  decomposition  of  3CaO*AljPs  in 
presence  of  0.5%  of  calcium  fluoride  into  12CaO*7AltOj 
and  CaO  [5,  21,  22]  may  be  attributed  to  the  fact  that 
this  additive  makes  the  compound  12CaO*  7AliC)^  stable. 

The  known  fact  that  12Ca0*7Ali03  does  not  decom¬ 
pose  on  fusion  does  not  contradict  the  results  of  these  cal¬ 
culations,  as  the  calculations  are  based  on  the  assumption 
of  the  y-AliCy^a-AljOj  transition  at  900*.  If  1200*  is 
regarded  as  the  limit  of  the  y->a  transition,  then  12CaO* 

*  7AljOj  must  become  unstable  only  near  the  fusion  point. 

Attention  must  also  be  drawn  here  to  the  need  for 
correcting  the  erroneous  statements  [23]  found  in  the  tech¬ 
nical  literamre  on  the  burning  of  Portland  cement  clinker, 
according  to  which  the  formation  of  CaO*Al|Os  is  follow¬ 
ed  by  samration  with  lime  to  yield  aluminates  with  high¬ 
er  lime  contents.  Even  if  such  saturation  does  take  place, 
it  occurs  only  owing  to  the  presence  of  mineralizers  such 
as  iron  oxides,  etc.,  in  the  raw  mix  [23],* 

SUMMARY 

Thermodynamic  calculations  were  used  to  provide 
a  quantitative  interpretation  of  the  sequence  in  which  dif¬ 
ferent  compounds  are  formed  in  solid-phase  reactions  in¬ 
volving  lime  in  the  system  CaO  “  AI2Q1;  equations  are 
given  for  calculation  of  the  free  energies  for  ten  possible 
reactions  in  the  system  CaO  *“  AltOj;  a  scheme  of  aluml- 
nate  formation  is  presented,  and  attention  is  drawn  to  some 
erroneous  points  in  the  theory  of  the  burning  of  Portland 
cement. 
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PRODUCTION  OF  WATER-RESISTANT  SAND  “ 
SILICATE  FILTRATION  EQUIPMENT 

M.  A.  Matveev  and  V.  P.  Dyatlova 


Sand~  silicate  filtration  equipment  (plates,  disks,  pipes,  etc.)  are  now  being  used  in  various  branches  of 
industry.  They  are  used  for  pneumatic  conveying  of  powders  and  dustlike  materials,  for  pulp  aeration,  for  air 
purification,  for  filtration  of  suspensions,  etc.  Such  porous  products,  in  the  form  of  pipes  and  gutters,  could  be 
widely  used  for  drainage  of  soils  and  building  sites. 

Sand  —  silicate  filters  are  made  from  sand  cemented  by  water  glass  (of  3  : 1  ratio).  The  articles  are  made 
by  molding  of  the  filter  and  binder.  When  hardened  and  dried,  they  are  fired  at  950*.  A  small  amount  of  sodium 
fluosilicate  (3  —  4^0)  is  added  to  the  water  glass.  This  accelerates  hardening  and  facilitates  drying  of  the  articles. 
If  fluosilicate  is  added,  the  water  glass  does  not  swell  when  dehydrated  during  firing  [1]. 

Our  investigation  [2]  showed  that  sodium  fluosilicate  is  almost  completely  dissociated  during  the  firing  of 
siiiid  —  silicate  articles:  NajSiF6“*SiF4  +  2NaF.  Sodium  fluoride  remains  in  the  binder,  while  SiF4  is  volatilized. 

Sodium  fluosilicate  has  no  advantages  over  sodium  fluoride  for  articles  made  by  the  firing  process.  More¬ 
over.  silicon  tetrafluoride  is  highly  toxic.  Sodium  fluoride,  on  the  other  hand,  is  virtually  nonvolatile  up  to  1000* 
(its  vapor  pressure  at  1130°  is  0.001  atmos).  Therefore  sodium  fluosilicate  may  be  replaced  by  sodium  fluoride 
in  fired  articles. 

Sodium  fluoride  added  to  the  mix  coagulates  the  alkali  silicate  solution,  and  the  silicic  acid  liberated  in 
the  process  firmly  cements  tlie  sand  grains  together.  Moisture  is  easier  to  remove  from  such  coagulated  solutions, 
and  the  articles  do  not  swell  during  firing.  Sodium  fluoride  lowers  the  viscosity  of  the  melt  and  thus  assists  its 
uniform  distribution  in  the  form  of  fine  films  over  the  filler  grains. 

An  important  defect  of  silicate  products  cemented  by  alkali  silicate  with  added  sodium  fluosilicate  or 
fiuoride  is  their  low  water  resistance.  The  binder  in  such  products  is  almost  completely  dissolved  when  they 
come  in  contact  with  water,  and  they  gradually  disintegrate. 

It  is  known  that  the  solubility  of  alkali  silicates  falls  sharply  on  addition  of  alumina  [3].  However,  the 
introduction  of  aluminum  into  the  silicate  binder,  for  example  by  addition  of  alumina,  is  impracticable,  as  very 
high  temperatures  are  required.  Alumina  does  not  dissolve  to  any  appreciable  extent  in  a  high-ratio  alkali  sili¬ 
cate  even  at  1300".  At  such  temperatures  the  viscosity  of  sodium  aluminate  is  low,  so  that  the  aluminate  readily 
flows  out  of  the  porous  articles  which  remain  without  binder.  To  overcome  these  difficulties,  we  have  devised 
a  new  method  for  the  production  of  water-resistant  binder,  by  addition  of  aluminum  fluoride,  which  is  a  substitute 
both  for  sodium  fluoride  and  for  alumina,  to  sodium  silicate. 

Addition  of  aluminum  fluoride  at  the  initial  stages  of  the  process  assists  hardening  of  the  binder,  and  makes 
it  possible  to  prepare  the  pressed  articles  for  firing  without  complications.  It  was  found  by  x-ray  Investigations 
of  the  binder  that  at  this  stage  of  the  process  aluminum  fluoride  acts  as  a  coagulant  and  itself  remains  unchanged. 
During  the  subsequent  firing  it  reacts  chemically  to  form  sodium  fluoride  and  an  aluminosilicate  glass. 

2AIF3  4- Na20  ( in  sodium  silicate  ) ->  6NaF -}- AI2O3  ( in  glass). 
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Results  of  Experiments  on  the  Water  Resistance  of  the  Binder 


Amount  of 

AIF3  added 

ilo) 

Weight  loss  of  powdered  binder  (7o)  when 
boiled  in  water  during  time  (hours)t 

Amount  of  NaiO  (%)  dissolved  out  of  the 
powdered  binder  when  boiled  for  (hours)t 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

0 

85.2 

-r* 

T- 

— 

21.2 

— 

— 

-r- 

5 

2.45 

5.00 

7.79 

10.2 

12.6 

0.95 

1.96 

2.85 

— 

— 

10 

1.20 

2.02 

3.20 

4.2 

5.1 

0.10 

0.19 

0.28 

0.37 

0.46 

15 

0.58 

0.80 

0.96 

1.10 

1.25 

0.065 

0.095 

0.117 

0.135 

0.15 

20 

0.38 

0.51 

0.60 

0.68 

0.76 

0.04 

0.057 

0.07 

0.08 

0.09 

25 

0.50 

0.71 

0.88 

1.00 

1.14 

0.034 

0.054 

0.06 

0.07 

0.071 

The  heat  AH  of  this  reaction  is  400  kcal  per  mole  of  AljOg  [4],  Because  of  this  chemical  reaction  the 
aluminosilicate  glass  is  formed  at  a  relatively  low  temperature  (not  above  900*). 

The  aluminosilicate  binder  formed  by  this  method  has  considerably  higher  water  resistance.  The  water 
resistance  was  estimated  from  the  loss  in  weight  of  the  powdered  binder  when  boiled  in  water  for  1  —  5  hours. 

The  results  of  the  tests  are  given  in  the  table. 

The  solubility  of  the  silicate  binder  is  at  a  minimum  with  addition  of  20%  Al^s.  Whereas  the  weight  loss 
of  the  alkali  silicate  is  85.2%,  in  presence  of  20%  AIF3  it  is  0.38%.  Thus,  the  water  resistance  of  the  binder  is 
increased  more  than  200-fold  in  this  case. 

It  is  clear  from  the  data  in  the  table  that  although  the  total  weight  loss  of  the  binders  is  decreased  sharply 
by  addition  of  aluminum  fluoride,  the  loss  nevertheless  is  in  excess  of  that  due  to  dissolution  of  alkali.  To 
determine  the  composition  of  the  dissolved  compounds,  we  analyzed  the  solutions  obtained  after  the  powders  had 
been  boiled  for  3  hours.  The  filtrate  contained  sodium  fluoride  and  silicate  in  addition  to  alkali.  Their  concen¬ 
trations  decrease  with  increasing  amount  of  added  aluminum  fluoride.  The  results  of  these  determinations  are 
plotted  in  Fig.  1. 

The  solubility  of  the  silicate  binder  is  decreased  considerably  in  presence  of  5“- 10%  of  aluminum  fluoride. 
However,  as  for  binders  without  aluminum,  the  solution  rate  remains  constant.  This  means  that  these  binders 
are  also  soluble  in  water,  although  the  solution  rate  is  lower.  With  higher  contents  of  aluminum  fluoride  the 
solubility  changes  sharply  in  character.  The  solution  rate  no  longer  remains  constant,  but  decreases  rapidly  with 
time.  The  curves  in  Fig.  2  are  parabolas  (they  are  linear  if  the  square  of  the  weight  loss  is  plotted  against  time). 
These  results  lead  to  the  conclusion  that  binders  with  higher  aluminum  contents  are  virtually  insoluble  in  water. 

The  optimum  addition  of  aluminum  fluoride  to  the  binder  is  15  ~  20%,  and  the  total  amount  of  binder  re¬ 
lative  to  the  filler  does  not  exceed  12%.  Therefore,  for  the  production  of  water-resistant  sand  —  silicate  filters 
it  is  recommended  to  add  2  —  2.5%  of  AIF3  on  the  weight  of  the  dry  mixture. 

The  recommended  optimum  molding  pressure  in  the  production  of  sand  “  silicate  filters  is  200  kg/ cm*. 
Such  products  must  be  fired  at  900“  with  an  exposure  time  of  3  hours,  the  total  cycle  being  8  •”  10  hours.  Under 
such  conditions  the  sand  *“  silicate  articles  acquire  good  mechanical  strength  (ultimate  compressive  strength 
37  0“  400  kg/ cm*)  and  high  porosity  (45%). 

A  comparative  x-ray  and  microscopic  investigation  of  binders  of  different  compositions  was  carried  out. 
The  x-ray  patterns  of  binders  made  from  mixtures  of  water  glass  and  sodium  fluosilicate  and  fired  at  950“  show 
only  lines  characteristic  of  sodium  fluoride.  Their  intensity  increases  with  the  amount  of  fluosilicate  added. 
Under  the  microscope  sodium  fluoride  is  seen  in  the  form  of  branched  dendrites  which  permeate  the  entire  binder 
(Fig.  3).  Thermographic  investigation  of  the  system  Nai0*3Si02‘”  NaF  showed  that  the  fusion  curves  have  min¬ 
ima  corresponding  to  a  eutectic  at  the  temperature  680il0*,  containing  25±5%  NaF  (Fig.  4). 
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Fig.  1.  Effects  of  the  amount  of  alumi 
num  fluoride  added  to  water  glass  on 
the  contents  of  NajO,  SiOj,  and  NaF  in  Fig,  2,  Effect  of  boiling  time  on  weight 

solution  and  on  the  weight  loss:  loss: 

A)  weight  loss  0o),  B)  AIF3  content  (‘7o);  A)  loss  of  NajO  (‘7o),  B)  time  (hours),  AIF3 

curves:  1)  total  weight  loss.  2)  SiOj,  contents  (%):  1)  5,  2)  10,  3)  15,  4)  20, 

3)  NaF.  4)  Na^O.  5)  25. 


0  20  kO  60  60  W0% 

ftagO-JSiOg  NaF 


Fig.  3.  Microphotograph  of  binder  Fig.  4.  Phase  diagram  for  the  system  in 

20X17.  the  section  NaF  “*  NajO'OSiOj. 

It  is  clear  from  these  results  that  when  this  binder  crystallizes  from  a  melt  it  forms  a  mixture  of  two  water- 
soluble  substances  (sodium  fluoride  and  sodium  siUcate).  This  accounts  for  the  poor  water  resistance  of  sand  "* 
silicate  filters  made  with  water  glass  and  sodium  fluosilicate  by  the  firing  method. 

When  the  binder  is  made  under  similar  conditions  from  sodium  silicate  with  added  aluminum  fluoride, 
the  sodium  fluoride  lines  on  the  x-ray  pattern  are  weaker.  The  sodium  fluoride  concentration,  determined  from 
the  intensities  of  the  lines  in  the  x-ray  patterns,  decreases  with  increase  of  the  amount  of  aluminum  fluoride 
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added,  although  its  total  content  increases.  This  result  shows  that  a  considerable  part  of  the  sodium  fluoride  is 
retained  in  the  structure  of  the  glass  and  does  not  form  an  independent  phase.  No  lines  characteristic  of  alumi¬ 
num  fluoride  or  other  crystalline  phases  were  found  in  the  x-ray  patterns. 

The  water  resistance  of  filters  with  aluminosilicate  binder  was  compared  with  the  water  resistance  of 
similar  specimens  made  under  the  same  conditions  with  a  binder  of  alkali  silicate  with  added  sodium  fluosili- 
cate.  Fibers  made  with  the  aluminosilicate  binder  did  not  change  in  mechanical  strength  when  boiled  in  water 
for  12  hours.  Filters  made  with  alkali  silicate  and  fluosilicate  binder  were  destroyed  completely  when  boiled 
for  the  same  time. 


DISCUSSION  OF  RESULTS 

Tlie  solubility  of  aluminosilicate  binders  is  selective  in  character.  This  is  because  alkali  silicate  and 
alumina  form  a  glass.  When  it  comes  in  contact  with  water,  protective  films  of  silica  and  alumina  form  on  its 
surface  and  hinder  leaching  of  sodium  compounds.  This  explanation  is  consistent  with  Grebenshchikov’s  theory 
of  the  nature  of  the  chemical  resistance  of  glasses  [5], 

The  increase  in  the  water  resistance  of  silicate  binders  by  additions  of  aluminum  fluoride  can  be  explain¬ 
ed  as  follows.  In  aluminosilicate  glasses  aluminum  replaces  silicon  isomorphously  in  the  vertices  of  the  silicon  — 
oxygen  tetrahedrons.  It  then  has  coordination  number  4.  Since  the  valence  of  aluminum  is  3,  and  that  of  silicon 
4,  uncompensated  oxygen  valences  with  an  effective  negative  charge  arise  in  the  structure  of  the  aluminosilicate 
glass  [6,  7].  Therefore  replacement  of  some  of  the  silicon  by  aluminum  is  accompanied  by  strengthened  bonding 
of  positive  ions  (Na  ,K^,  or  Ca  )  in  the  strucmre  of  the  aluminosilicate  glass  as  the  result  of  purely  electro¬ 
static  forces.  The  structural  bonding  of  the  cations  in  aluminosilicate  glass  is  the  cause  of  its  increased  water 
resistance.  This  is  primarily  reflected  in  a  sharp  decrease  of  the  alkali  solubility  (Fig.  1).  The  solubility  of  so- 
ditim  fluoride  also  decreases,  because  in  this  case  the  cations  are  bound  in  the  glass  stmcture.  Therefore,  de¬ 
spite  increasiiigNaF  concentration,  the  content  of  free  fluoride  decreases  with  increase  of  the  amount  of  AIF3 
added.  Microscope  studies  confirm  this  result. 


SUMMARY 

1.  The  low  water  resistance  of  sand  —  silicate  filters  made  by  the  firing  process  from  sand  cemented  by 
water  glass  with  added  sodium  fluosilicate  is  the  consequence  of  the  solubility  of  the  binder.  The  binder  is  a 
mixture  of  sodium  silicate  and  fluoride. 

2.  A  mixmre  of  sodium  silicate  (3 :  1  ratio)  and  15  -  20^0  of  aluminum  fluoride  is  recommended  for  the 
production  of  sand  —  silicate  filters.  In  this  case  firing  results  in  the  formation  of  aluminosilicate  glass,  which 
firmly  cements  the  grains  of  sand  or  other  filters. 

3.  Thus  new  binder  has  considerable  water  resistance.  The  water-soluble  sodium  compounds  (NajO  and 
NaF)  present  in  it  are  firmly  held  in  the  structure  of  the  aluminosilicate  glass  in  order  to  balance  the  negative 
charges  which  arise  when  a  part  of  the  4-valent  silicon  is  replaced  by  3-valent  aluminum  in  the  silicon  —  oxy¬ 
gen  tetrahedrons  of  sodium  silicate. 

4.  Chemical  interaction  between  alkali  silicate  and  aluminum  fluoride  yields  aluminosilicate  glasses  at 
moderate  temperatures  directly,  during  single  diring  of  filtration  equipment. 

5.  The  high  quality  of  the  new  binder  is  confirmed  by  the  results  of  structural  and  microscopic  investiga¬ 
tions  and  by  water  stability  and  mechanical  strength  tests  on  sand  —  silicate  filters. 
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PREPARATION  OF  THE  HIGHEST  CARBIDE  OF  CHROMIUM 


T.  Ya.  Kosolapova  and  G.  V.  Samsonov 

Chromium  carbide  of  the  formula  CrjC2  is  a  solid  infusible  compound,  superior  to  almost  all  other  car¬ 
bides  in  oxidation  resistance.  It  is  therefore  used  for  the  preparation  of  cemented  carbide  alloys  with  special 
properties  ““  heat-resisting,  chemically  stable,  cutting  and  surfacing  alloys. 

The  formation  of  the  carbide  Cr3C2  was  first  observed  by  Moissan  on  reduction  of  chromium  oxide  in  an 
arc  furnace;  the  carbide  contained  86.72%  Cr  and  13.21%  C  [1]. 

Conditions  for  the  formation  of  Cr3C2  in  the  fusion  of  chromium  with  carbon  were  studied  by  Ruff  and  Foehr 
[2].  In  these  experiments,  when  chromium  was  melted  in  a  carbon  cmcible  at  2000*,  a  carbide  containing 
13.7  —  14.2%  C  was  formed  in  15  minutes.  A  carbide  of  similar  composition  was  formed  in  a  study  of  the  chro¬ 
mium  —  carbon  system  [3  —  6];  in  addition  to  Cr3C2,  the  lower  carbides  Cr7C3  and  Cr23Ce  were  also  found. 

Cr3C2  is  made  under  industrial  conditions  by  the  reduction  of  chromic  oxide  by  carbon: 


SCraOg  -f  13C  =  2Cr3C2  +  9CO, 


the  process  is  effected  in  a  charge  of  the  stoichiometric  composition  at  1600*  in  a  tubular  graphite  furnace  in  a 
hydrogen  atmosphere  [1]. 

However,  the  production  of  pure  Cr3C2  without  admixtures  of  free  carbon  and  lower  carbides  is  difficult 
by  this  process;  this  prompted  the  present  study  of  the  conditions  for  the  production  of  Cr8C2. 

EXPERIMENTAL 

Our  study  of  the  conditions  for  the  production  of  Cr3C2  was  based  on  the  above  reaction  of  reduction  of 
chromic  oxide  by  carbon  taken  in  the  excess  necessary  for  the  formation  of  carbide  after  removal  of  oxygen. 

To  determine  the  effects  of  excess  and  deficiency  of  carbon  in  the  charge  on  the  formation  of  carbide, 
charges  containing  23.08,  25.38,  26.33  and  29.67%  C  were  used  (the  calculated  theoretical  carbon  content  is 
25.5%). 

The  charges  were  moistened  with  dextrin  solution,  dried,  and  molded  into  briquets  20  X  20  mm. 

In  the  first  series  of  experiments,  briquets  of  the  stoichiometric  composition  were  heated  in  graphite  boats 
placed  in  a  resistance  furnace  with  a  graphite  tube,  in  a  hydrogen  atmosphere,  at  temperatures  from  900  to  1800* 
(in  100*  steps),  with  exposures  of  1  hour  at  each  temperature. 

The  weight  loss  of  the  briquets  was  determined,  and  the  extent  of  reaction  was  estimated  from  the  ratio 
of  the  weight  of  the  products  formed  to  the  calculated  theoretical  weight  of  carbide. 

In  addition,  the  reaction  products  were  chemically  analyzed  for  total  chromium,  total  carbon,  and  free, 
carbon,  and  the  particle  size  of  the  carbide  formed  was  determined  microscopically. 

The  total  chromium  content  was  determined  by  the  persulfate  —  silver  method  [7]  after  fusion  of  0.1  g  of 
the  product  with  sodium  peroxide  in  a  nickel  crucible. 
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Fig.  1.  Completeness  of  the  reaction 
of  chromium  carbide  formation: 

C)  yield  (—‘lOO^o).  D)  temperature 
B 

Cc). 


Fig,  2.  Effects  of  temperature 

on  Crtotal  ^free  (2),  Obound 
(3),  and  the  sum  of  Cr^Q^^j  + 

^otal 

A)  contents  (%),  B)  temperature 
(•C). 


The  total  carbon  was  determined  by  the  volumetric  absorption  method  after  combustion  of  a  weighed 
sample  in  a  furnace  of  the  Mars  type  in  a  current  of  oxygen  at  1300*  with  cupric  oxide  as  a  flux  [7,  8], 

Free  carbon  was  determined  by  the  volumetric  absorption  method  after  combustion  in  a  Mars  furnace  in  a 
current  of  oxygen  at  600*.  Chromium  carbide  is  not  oxidized  appreciably  at  this  temperature. 

The  results  of  this  series  of  experiments  are  summarized  in  Table  1  and  plotted  in  Figs,  1  and  2. 

Table  1  also  contains  data  on  the  amount  of  residue  insoluble  in  hydrochloric  acid. 

It  is  sometimes  believed  that  when  chromium  carbide  is  heated  with  1 : 1  hydrochloric  acid  the  lower  car¬ 
bides  are  dissolved,  while  Cr2C3  remains  as  an  insoluble  residue. 

We  do  not  agree  with  the  view  that  Cr3C2  is  completely  insoluble  in  HCl. 

However,  as  a  first  approximation, the  amount  of  insoluble  residue  may  be  taken  as  a  measure  of  the 
amount  of  the  highest  chromium  carbide  present. 

It  follows  from  these  results  that  the  degree  of  reduction  increases  sharply  to  the  calculated  value  at  1100* 
and  then  remains  virtually  constant  to  1600®;  the  sum  of  Cr^^j^j  +  also  becomes  lOO^o  from  1200®,  and 

then  remains  constant  within  the  temperamre  range  studied. 

The  content  of  bound  carbon  approaches  the  calculated  value  (13.33%)  at  1400®,  remains  constant  to  1600®, 
and  then  falls  regularly  at  1700  and  1800®. 

The  content  of  the  insoluble  residue  is  also  greatest  at  1400—  1600®.  It  should  be  noted  that  the  content 
of  free  carbon  falls  to  0.10  —  0.16%  in  this  temperature  range. 

It  is  interesting  to  note  that  above  1600®  the  degree  of  reduction  calculated  for  CrsC^  changes  (the  ratio 


content  increases.  The  average  size  of  the  carbide  particles  decreases  at  the  same  time. 
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This  effect  may  be  explained  on  the 
assumption  that  at  temperatures  above  1600* 
the  lower  carbides  —  Cr7Cs  and  CrTsCe  “  are 
formed  together  with  CtjCj.  These  carbides 
are  formed  as  small  segregations  from  the 
Cr3C2  grains,  leading  to  subdivision  of  the 
carbide  particles. 

When  CrsCj  molecules  recombine  in 
presence  of  hydrogen  in  the  furnace,  part 
of  the  carbon  is  released  in  the  free  state 
and  forms  hydrocarbons  which  are  swept  out 
of  the  furnace  by  the  hydrogen  stream. 

This  liberation  of  carbon  is  not  of  an 
equilibrium  but  of  a  purely  kinetic  charac¬ 
ter. 

The  principal  admixture  in  the  car¬ 
bide  CrsCj  at  temperamres  above  1600*, 
according  to  the  phase  diagram  [1],  is  the 
carbide  CrYCj, 

The  presence  of  an  admixture  of  the 
carbide  Cr7C3  in  the  reaction  products  ob¬ 
tained  at  temperatures  above  1600*  can  be 
confirmed  by  the  following  calculation. 

For  example,  at  1800*  a  product  weighing 
6.5441  g  was  obtained  (Table  1);  according 
to  analytical  data,  it  contained  5.7398  g 
Cr  and  0.8043  g  C.  If  it  is  assumed  that  the 
carbide  Cr3C2  was  the  insoluble  residue 
(76.0^0),  it  follows  that  4.9735  g  of  it  was 
present  in  the  product,  including  0.0164  g 
of  free  carbon.  This  leaves  6.5441  — 

5.9735  =  1.5706  g  for  the  lower  carbides,  in¬ 
clusive  of  1.4443  g  of  chromium  and  0.1263 
g  of  carbon.  This  corresponds  to  8.10*70  c  in 
the  carbide,  which  is  in  satisfactory  agree¬ 
ment  with  the  Cbound  content  of  the  carbide 
Cr7C3  (9.01*70  by  calculation),  and  differs 
sharply  from  the  C  contents  in  Cr3C2  (13.3*7>) 
and  CraQ  (5.687o). 

Thus,  the  optimum  temperature  for 
the  production  of  the  carbide  CrsC2  from  a 
stoichiometric  mixture  is  1400  —  1500*  (the 
optimum  temperature  of  1600*  recommended 
in  the  literature  [1]  is  technologically  dan¬ 
gerous,  as  active  formation  of  the  carbide 
Cr7C3  begins  immediately  beyond  this  tem¬ 
perature). 

For  more  precise  determination  of  the 
exposure  time  at  the  optimum  temperatures, 
and  of  the  time  required  to  raise  the  tem¬ 
perature  to  1500  and  1600*,  experiments 
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A 


Fig.  3.  Effect  of  heating  time  on  the 
bound  carbon  content;  carbon  content 
of  mixture  25.38*yo,  temperature  raised 
for  20  minutes: 

A)  Cbound  heating-up  time 

(minutes),  C)  heating  time  (minutes); 
temperature  (*C):  1)  1500,  2)  1600. 


A 


Fig,  4,  Variatiems  of  the  Cjjound 
Cfree  contents  with  the  heating  time 
and  carbon  content  of  mixture  (tem¬ 
perature  1550*): 

A)  carbon  content  {^o),  B)  time  (hours); 
Contents  of  Ground  Qree  respec¬ 
tively  for  mixtures  containing  C 
1  and  la)  23.08;  2  and  2a)  25.38; 

3  and  3a)  26.33;  4  and  4a)  29.67. 


A 


Fig,  5.  Effect  of  carbon  con¬ 
tent  of  the  charge  on  the  Cfjgg 
(1)  and  Cbound  (2)  contents 
(temperature  1550*,  exposure 
time  1  hour): 

A)  carbon  contents  B)  car¬ 
bon  in  charge  (%). 


were  performed  in  which  the  temperature  was  raised  from 
1000  to  1500  or  1600*  over  a  period  of  20  minutes,  with 
exposure  times  of  0,  10,  20,  40  and  60  minutes  at  these  tem¬ 
peratures. 

According  to  the  data  in  Fig.  3,  an  exposure  time  of 
20  minutes  is  sufficient  for  the  formation  of  the  carbide  with 
the  calculated  composition  (13.33*70  Q  at  1500”,  while  at 
1600*  10  minutes  is  enough.  The  effects  of  a  deficiency  and 
an  excess  of  carbon  in  the  mixtures  were  studied  at  1550*; 
the  heating  times  at  this  temperature  were  0.5,  1,  and  2  hours, 
and  for  mixtures  with  a  deficiency  of  carbon,  also  3  and  4 
hours. 


The  results  are  presented  in  Table  2  and  in  Figs.  4  and 

5. 


The  contents  of  total  and  free  carbon  rise  sharply,  while 
the  bound  carbon  content  decreases,  with  increase  of  the  car¬ 
bon  content  of  the  charge.  With  29.67*7o  C  in  the  charge,  most 
of  the  carbon  is  in  the  free  state.  This  may  be  attributed  to 
decarbonization  of  carbide  during  carbon  transfer  (through 
the  hydrocarbon  medium  in  the  tube  furnace)  from  the  par¬ 
ticles  of  chromium  carbide  with  a  relatively  high  hydrocarbon 
pressure  over  them  to  the  particles  of  excess  carbon  black, 
which  in  turn  react  continuously  with  hydrogen,  with  the  hy¬ 
drocarbons  formed  being  carried  out  of  the  furnace. 
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TABLE  2 


Carbon  Contents  of  Carbides  Formed  from  Mixtures  with  Excess  and  Deficiency  of  Carbon 
(temperature  1550*) 


Carbon  in 
carbides 


Gtotil  in ‘Charge  (%) 


23.08 

L  25.38 

Bstoichiometric 

firiixture) 

26.33 

29.67 

1  time  (hours) 

0.5  t  2  I  3  4  I  0.5  1  2  0.5  1  2  0.5  I  1  2 


Qotal 

Qree 

Abound 


11.18 

0.17 

11.12 


11.90 

0.09 

11.82 


13.29 

0.07 

13.22 


12.56 

0.04 

12.51 


13.53 

0.36 

13.22 


13.67 

0.311 

13.41 


13.66 

0.35 

13.36 


14.30 

1.96 

12.39 


12.57 

1.65 

10.96 


13.19 

0.09 

13.12 


16.31 

3.94 

11.88 


19.68 

j14.66 

5.89 


19.36 

14.69 

5.48 


19.72 

14.87 

5.69 


I 


TA  BLE  3 

Contents  of  C^ound  Cfree  Different  Heating- 
Up  Times  (exposure  time  1  hour,  charge  with  24.7%C) 


Time  for  heating 
up  from  1000  to 

1550*  (min) 

Carbon  content  (*7o) 

^total 

Cfree 

^bound 

80 

12.48 

Traces 

12.48 

40 

12.47 

ft 

12.47 

20 

12.32 

ft 

12.32 

containing  atmosphere  of  the  furnace,  and  then  begins  to 


Thus,  most  of  the  carbon  in  this  process  is 
in  the  free  state,  and  transfer  of  carbon  from  the 
carbide  particles  to  the  carbon  black  particles  is 
probably  accelerated  by  removal  of  carbon  from 
the  furnace  in  the  form  of  hydrocarbons. 

Such  "equilibrium -kinetic"  systems  in  the 
furnace  tube  are  also  characteristic  of  the  produc¬ 
tion  of  other  carbides  (those  of  titanium,  zirco¬ 
nium,  tungsten,  molybdenum,  tantalum,  and  nio¬ 
bium),  with  some  specific  differences. 

On  decrease  of  the  carbon  content  of  the 
charge  (23.08*^0  as  against  the  calculated  25.5*70) 
the  carbon  content  increases  with  increase  of  the 
exposure  time  up  to  3  hours  due  to  the  carbon- 
decrease  somewhat. 


Variations  of  the  heating-up  time  from  1000  to  1500"  between  20  and  80  minutes  have  no  effect  on  the 
carbon  content  of  carbide  formed  from  a  charge  with  a  carbon  deficiency  (Table  3), 

Thus,  for  briquets  10—15  g  in  weight  the  optimum  conditions  for  production  of  the  highest  carbide  Cr3C2 
are;  temperature  in  the  1400—  1600"  range,  heating-up  time  from  1000  to  1400  —  1600",  20  minutes,  exposure 
time  at  1400—  1600",  30  minutes. 


A  larger  batch  of  chromium  carbide,  200  g  in  weight,  made  under  these  conditions  with  an  exposure  time 
of  1  hour  had  the  following  chemical  composition  (°1oy.  13.43,  Cfj.gg  0.09,  13.36,  insoluble  re¬ 

sidue  99.06. 


Stmcture  investigation  by  the  x-ray  method*  with  CuKa  radiation  in  an  RKD  camera  57,3  in  size  (taken 
asymmetrically)  showed  that  the  reduction  product  contained  the  carbide  Cr3C2  with  lattice  constants  a  =  11.44, 
b  =  5.51,  c  =  2.79  A  (according  to  published  data  [9]:  a  =  11.46,  b  =  5.52,  c  =  2.82A). 

The  microhardness  of  Cr3C2  sintered  by  hot  pressing  was  found  to  be  1314±70  kg/mm*;  this  is  also  close 
to  the  published  figure  [10],  according  to  which  the  microhardness  of  Cr3C2  is  1300  kg/mm*. 

SUMMARY 

Conditions  for  the  preparation  of  chromium  carbide  Cr3C2  as  close  as  possible  in  composition  to  the  cal¬ 
culated  value,  with  minimum  contents  of  lower  carbides  and  free  carbon,  were  studied  and  it  was  found  that  the 
optimum  conditions  for  preparation  of  this  chromium  carbide  are  obtained  if  10—  15g  briquets  made  from  a 

*  The  x-ray  analysis  was  performed  by  V.  P.  Dzeganovskii. 
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charge  of  the  calculated  composition  corresponding  to  the  reaction  SCrjOj  +  13C  =  2Cr5Ci  +  OCOare  heated  in 
hydrogen  at  1400—  1500*  for  30  minutes,  the  heating-up  time  being  20  minutes;  the  corresponding  exposure 
time  for  200  —  300  g  of  charge  is  1  hour. 

Increase  or  decrease  of  the  carbon  content  of  the  charge  has  an  adverse  effect  on  the  chemical  and  phase 
composition  of  the  carbide. 
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PRODUCTION  OF  POWDERED  IRON  FROM  PYRITE  CINDERS 
IN  A  FLUIDIZED  BED* 

I.  G.  Lesokhin 

The  Lensoviet  Technological  Institute.  Leningrad 


Pyrite  cinders  from  sulfuric  acid  plants  are  an  iron-rich  material  which  also  contains  nonferrous  metals. 
Before  the  cinders  can  be  used  for  pig-iron  production,  they  must  be  treated  to  extract  nonferrous  metals,  as 
they  contain  copper  and  zinc  in  excess  of  the  permitted  amounts  for  pig  iron.  Moreover,  their  granulometric 
composition  and  sulfur  content  is  such  that  cinders  cannot  be  used  directly  in  the  blast-furnace  process.  It  is 
therefore  necessary  not  only  to  remove  nonferrous  metals  but  also  to  agglomerate  the  cinders  in  order  to  improve 
the  physical  properties  and  to  remove  sulfur. 

However,  pyrite  cinders  may  be  used  not  only  for  pig-iron  production  but  also  for  production  of  iron  pow¬ 
der,  which  is  becoming  increasingly  important  in  technology.  An  example  of  the  use  of  powdered  iron  is  the 
conversion  of  oxidized  copper  ores  by  the  Mostovich  process  [1].  Steel  smelted  from  iron  powder  has  good  me¬ 
chanical  properties.  With  addition  of  only  lO^o  of  iron  powder  to  the  open-hearth  furnace  charge,  the  mechan¬ 
ical  strength  of  steel  is  increased  by  15  ~  207o  [2]. 

Iron  powder  can  be  made  by  reduction  of  iron  oxides  at  moderate  temperatures  (700“  1000*),  followed 
by  separation  of  the  iron  powder  from  gangue  by  means  of  a  magnetic  separator.  The  reduction  may  be  effected 
by  gaseous  fuels,  such  as  illuminating,  producer,  or  natural  gases,  coke-oven  gas,  etc.,  or  any  solid  fuel  such  as 
peat,  charcoal,  brown  coal,  anthracite,  etc.  Therefore,  in  contrast  to  the  blast-furnace  process,  the  use  of  coke 
or  wood  charcoal  is  not  obligatory  for  solving  the  problem  of  reduction  of  pyrite  cinders  to  metallic  iron.  The 
process  can  therefore  be  developed  in  different  regions  of  the  country. 

It  is  known  from  the  literature  [3  “  14]  that  the  rate  and  degree  of  reduction  of  iron  from  oxide  ores  de¬ 
pends  on  the  following  factors:  nature  of  the  original  ore,  particle  size,  temperature,  time,  composition  of  the 
reducing  agent,  and  velocity  of  the  gas  stream.  Many  investigators  have  shown  that  native  oxides  ores  can  be 
reduced  to  metallic  iron  by  various  gaseous  and  solid  reducing  agents.  All  these  investigations  were  performed 
with  static  material.  There  have  been  very  few  studies  related  to  determinations  of  the  optimum  conditions  for 
the  reduction  of  pyrite  cinders  to  metallic  iron  in  general,  and  in  a  fluidized  bed  in  particular. 

The  purpose  of  the  present  investigation  was  to  study  the  reduction  of  iron  from  pyrite  cinders  by  means 
of  various  gaseous  and  solid  reducing  agents.  This  investigation  is  of  practical  interest,  as  pyrite,  mainly  ob¬ 
tained  by  flotation,  will  remain  the  principal  raw  material  for  sulfuric  acid  production,  and  the  amounts  used 
will  increase  because  of  the  development  of  nonferrous  metallurgy. 

This  paper  contains  the  results  of  a  study  of  the  reduction  of  iron  from  pyrite  cinders  in  a  fluidized  bed  by 
a  gaseous  reducing  agent  (illuminating  gas). 


EXPERIMENTAL 

Pyrite  cinders  made  by  the  roasting  of  flotation  pyrite  in  the  mechanical  furnace  of  the  Neva  Chemical 
Works  was  used  for  the  reduction.  The  sample  was  from  the  lowest  shelf  of  the  burner  before  the  quenching  stage. 


N.  A.  Shilova  took  part  in  the  experimental  work. 


Fig.  1.  Diagram  of  apparatus  for  determination  of  pres¬ 
sure  drop  (explanation  in  text). 


The  cinders  contained  44%  iron,  3.18%  total  and  2.74%  sulfide  sulfur, 
15.84%  FeO,  42.25%  Fe203,  33.73%  gangue.  The  grain  composition  of 
the  cinders  is  given  below. 

Grading,  mesh  size  (mm)  +0.2  +0.12  +0.102  +0.088  +0.075  —0.060 

Contents  in  sample  (%)  35.15  41.65  4.8  14.66  0.54  4.2 

The  illuminating  gas  contained  2.8%  COj,  12.0%  CO,  45.7%  H2. 
18.0^0  CHi. 

An  important  factor  in  smdies  of  the  reduction  of  pyrite  cinders 
to  metallic  iron  in  a  fluidized  bed  is  determination  of  the  velocity  of 
the  reducing  gas  at  which  the  layer  of  solid  material  passes  from  the 
solid  (filtering)  state  into  the  fluidized  state.  One  of  the  most  impor¬ 
tant  elements  in  the  control  of  this  process  is  measurement  of  the  pres¬ 
sure  drop  [14].  Changes  of  the  pressure  drop  give  an  indication  of  the 
state  and  character  of  the  formation  of  a  suspended  layer  of  solid  par¬ 
ticles.  Experimental  data  on  the  pressure  drop  were  obtained  in  a  cold 
model  shown  in  Fig.  1.  Its  main  part  is  the  glass  column  1,  1000  mm 
high  and  34  mm  in  diameter.  The  lower  part  2  of  the  column  contains 
a  grid  3  on  which  the  solid  material  was  placed;  air  was  fed  under  the 
grid  from  the  blower  4.  The  air  velocity  was  determined  by  means  of 
the  differential  manometer  5  connected  to  the  diaphragm  6.  Tlie  stat¬ 
ic  pressure  drop  was  determined  by  means  of  the  manometer  7.  The 
experimental  data  on  the  pressure  drop  in  the  passage  of  air  through 
the  layer  of  granular  material  were  used  to  plot  the  relationship  between 
the  pressure  drop  and  air  velocity  (Fig.  2).  The  sloping  portion  of  the 
graph  corresponds  to  a  static  filtering  layer,  not  yet  expanded.  The 
pressure  drop  increases  over  this  region,  and  reaches  a  maximum  at  the 
point  B.  On  further  increase  of  the  air  velocity  the  pressure  drop  re¬ 
mains  almost  unchanged,  and  the  line  representing  the  pressure  drop  is  parallel  to  the  abscissa  axis  beyond  the 
point  B.  In  the  region  BC  the  solid  particles  are  in  the  suspended  state.  Thus,  the  point  B  separates  the  stationary 
from  the  fluidized  layer,  and  the  gas  velocity  corresponding  to  this  point  is  the  critical  velocity  at  which  the  la¬ 
yer  of  solid  particles  passes  into  the  suspended  state.  This  method  for  determination  of  the  critical  velocity  was 
used  throughout  the  study  of  the  reduction  of  iron  from  cinders  in  a  fluidized  bed;  the  apparatus  used  is  shown 
schematically  in  Fig.  3. 


Fig.  2.  Effect  of  air  velocity  on 
pressure  drop: 

A)  static  pressure  drop  (mm  H2O), 

B)  air  velocity  (m/second);  py¬ 
rites:  I)  d  =  0.37  mm.  Hq  =  100 
mm;  II)  d  =  0.75  mm,  Hq  =  100 
mm. 
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Fig.  3.  Diagram  of  apparatus  for  reduction  of  iron 
from  cinders  in  a  fluidized  bed  (explanation  in  text). 


A 


Fig,  4,  Effect  of  temperamre  on  the 
degree  of  reduction  of  iron  by  illumi¬ 
nating  gas,  with  a  reduction  time  of 
60  minutes: 

A)  degree  of  reduction  0o),  B)  tem¬ 
perature  (*C)  (explanation  in  text). 


Fig.  5.  Effect  of  time  on  the  percentage  content  of  iron  (I)  and  th?  degree  of  reduction  of 
iron  (II)  from  cinders  by  illuminating  gas: 

A)  degree  of  reduction  and  contents  of  metallic  iron  {°lo),  B)  time  (minutes);  temperature 
("C):  a)  700,  b)  800,  c)  900. 


The  principal  part  of  the  apparatus  was  the  porcelain  tube  1,  760  mm  high  and  28  mm  in  diameter.  The 
porcelain  tube  was  wound  around  with  Nichrome  wire  for  electrical  heating.  25  cm  from  the  lower  end  of  the 
mbe  was  the  grid  2.  The  porcelain  tube  with  its  winding  was  inserted  in  the  vertical  furnace  3.  The  tempera¬ 
ture  inside  the  tube  was  measured  by  a  thermocouple  4,  the  end  of  which  was  in  the  layer  of  suspended  solid  par¬ 
ticles.  and  a  galvanometer  5.  The  temperature  of  the  gas  leaving  the  furnace  was  measured  by  the  thermocouple 
6  and  galvanometer  7.  The  illuminating  gas  was  preheated  in  the  furnace  8  before  entry  into  the  reaction  vessel, 
and  its  temperature  was  measured  by  the  thermometer  9.  The  amount  of  the  reducing  gas  fed  in  for  formation 
of  the  fluidized  layer  was  found  from  the  readings  of  the  differential  manometer  10  connected  to  the  diaphragm 
11,  and  from  the  pressure  difference  in  the  manometer  12,  Before  the  start  of  an  experiment  the  tube  1  was 
heated  to  the  required  temperature,  and  the  weighed  cinders  were  then  fed  into  the  tube  from  above. 

It  is  clear  from  Fig.  4  that  the  degree  of  reduction  increases  with  temperature  at  constant  time  (60  minutes) 
and  gas  velocity  (0.0376  m/second).  At  700*  the  degree  of  reduction  reaches  61. 5*^^),  and  at  800  and  900",  72.0 
and  76.0%  respectively.  These  results  were  obtained  for  cinders  containing  15.84%  FeO  and  45.25%  Fe20s  without 
preliminary  removal  of  sulfide  sulfur  (Curve  1).  The  degree  of  reduction  of  iron  from  cinders  at  constant  temper- 
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A 


Fig.  6.  Variation  of  the  rate  of  reduc¬ 
tion  of  iron  from  the  cinders  during 
the  experiment: 

A)  degree  of  reduction  in  10  minutes 
(^o),  B)  time  (minutes). 


Fig.  7.  Effect  of  temperature 
and  the  velocity  of  the  illumi¬ 
nating  gas  on  the  degree  of  re¬ 
duction  of  the  cinders: 

A)  degree  of  reduction 

B)  temperature  ("C);  gas  veloc¬ 
ity  (mAecond):  I)  0.116,  H)  0.158. 


ature,  time,  and  gas  velocity  depends  on  the  chemical  composition  of  the  original  cinder.  Fig.  4  (Curve  II) 
shows  experimental  data  on  the  reduction  of  iron  from  cinders,  after  preliminary  removal  of  sulfur  by  oxidation 
by  atmospheric  oxygen  in  a  fluidized  bed,  containing  21.62^o  FeO  and  43.85%  FejjOs.  Under  otherwise  equal 
conditions,  the  degree  of  reduction  increases  somewhat  after  preliminary  removal  of  sulfur  from  the  cinders.  Our 
curves  do  not  differ  in  principle  from  published  data  [10]  on  the  reduction  of  native  iron  oxide  ores. 

Experimental  data  on  the  influence  of  time  on  the  course  of  reducticai  of  cinders  are  presented  in  Fig.  5, 
and  experimental  data  on  variations  of  the  reduction  rate  of  iron  from  cinders  during  the  experiments  (degree  of 
reduction  in  10  minutes)  at  700,  800,  and  900*  and  at  a  constant  velocity  of  the  reducing  gas  are  plotted  in  Fig. 6. 
The  fall  of  reduction  rate  is  due  to  the  continuous  decrease  of  the  total  reaction  surface,  and  also  to  worsening 
conditions  of  diffusion  toward  this  surface.  As  the  reduction  process  develops,  its  rate  usually  falls  because  of  the 
continuing  decrease  of  the  amount  of  unreduced  iron  oxides  present,  which  is  accompanied  by  an  increase  of  the 
amount  of  reduced  iron,  which  progressively  blocks  access  to  the  particles  of  unreduced  oxides  [12].  As  a  result, 
conditions  of  contact  between  the  reducing  gas  and  unreduced  iron  oxides  deteriorate,  and  diffusion  conditions 
worsen.  Moreover,  when  gaseous  reducing  agents  are  used  at  high  temperatures  there  is  some  sintering  and  growth 
of  particle  size  in  the  iron  powder,  and  this  also  has  an  unfavorable  effect  on  the  reduction  rate.  To  reduce  these 
effects  as  much  as  possible  it  is  necessary  to  minimize  the  reduction  time,  i.e.,  the  cinders  should  not  be  reduced 
completely,  as  near  the  end  the  rate  of  reduction  falls  sharply. 

The  effects  of  gas  velocity  on  the  reduction  rate  of  iron  (under  otherwise  constant  conditions)  were  studied 
with  cinders  containing  21.62%  FeO  and  43.85%  FejOs  after  removal  of  sulfide  sulfur.  It  was  found  (Fig,  7)  that 
with  gas  velocity  0.116  m/second,  at  temperatures  of  700,  800,  and  900*  and  reaction  time  60  minutes  the  de¬ 
gree  of  reduction  was  65.0,  74,6,  and  77.5%  respectively,  and  with  gas  velocity  0.158  m/second  it  was  70,5,  76.0, 
and  80.2%  respectively. 

The  best  conditions  for  the  production  of  powdered  iron  from  pyrite  cinders  can  be  determined  from  the 
above  results.  The  process  temperature  primarily  depends  on  the  properties  of  the  ore,  and  lies  in  the  850  —  900* 
range.  The  kinetic  curves  show  that  the  best  reaction  time  for  the  reduction  of  iron  from  cinders  in  a  fluidized 
bed  at  these  temperatures  is  15  —  20  minutes.  The  degree  of  reduction  under  these  conditions  is  72—  74%.  Iron 
can  be  reduced  from  cinders  by  illuminating  gas  at  a  somewhat  lower  temperature,  but  the  duration  of  the  pro¬ 
cess  must  be  increased.  For  example,  to  attain  72~  74%  reduction  60  —  80  minutes  is  required  at  800*,  and  over 
120  minutes  at  700*. 
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SUMMARY 


1.  The  reduction  of  Iron  from  cinders  in  a  fluidized  bed  was  studied  and  it  was  found  that  the  degree  of 
reduction  increases  with  temperature.  At  constant  gas  velocity  (0.0376  m/second)  and  reaction  time  (60  minutes) 
the  degree  of  reduction  reaches  61.5%  at  700",  whereas  at  800  and  900*  under  the  same  constant  conditions  it  is 
72.0  and  76.0%  respectively. 

2.  The  degree  of  reduction  of  iron  from  cinders  at  constant  temperature,  time,  and  gas  velocity  depends 
on  the  chemical  com.position  of  the  original  cinders.  The  degree  of  reduction  can  be  increased  somewhat,  under 
otherwise  constant  conditions,  by  preliminary  removal  of  sulfur. 

3.  It  is  shown  that  with  increase  of  the  reducing  gas  velocity  (under  otherwise  constant  conditions)  the  de¬ 
gree  of  reduction  Increases.  At  gas  velocity  0.11  m/second,  and  at  temperatures  of  700,  800,  and  900*  the  de¬ 
gree  of  reduction  of  iron  from  the  cinders  is  65.0,  74.6,  and  77,5%  respectively,  and  at  0.158  m/second  it  is70.5, 
76.0,  and  80.2%  respectively. 
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PHASE  DIAGRAM  OF  THE  SYSTEM  NaOH  “  NajCOj  “  NaCl 
M.  F.  Lantratov  and  A.  F.  Alabyshev 

The  V.  I.  Ul’yanov  (Lenin)  Institute  of  Electrical  Engineering,  Leningrad 


The  phase  diagram  of  the  system  NaOH  —  Na2C03  *- NaCl  has  not  been  investigated,  although  it  is  of  prac¬ 
tical  importance  in  relation  to  the  production  of  metallic  sodium  by  electrolysis  of  fused  caustic  soda. 

We  have  studied  the  temperatures  of  the  start  of  crystallization  for  a  number  of  compositions  in  the  sys¬ 
tem  NaOH“Na2CO|j  “NaCl,  rich  in  NaOH  and  containing  up  to  60  yn,°lo  of  sodium  chloride  or  carbonate. 

The  visual  polythermal  method  was  used  in  the  investigation.  The  temperature  of  the  start  of  crystalli¬ 
zation  was  determined  by  means  of  a  Chromel“  Alumel  thermocouple  to  an  accuracy  of  ±1*.  The  hot  Junction 
of  the  thermocouple,  protected  from  the  action  of  alkali  by  a  thin  silver  cover,  was  immersed  in  the  melt  to  a 
depth  of  15  “  20  mm.  The  thermocouple  was  calibrated  against  a  standard  platinum/platinum  “  rhodium  ther¬ 
mocouple  and  by  the  crystallization  temperatures  of  tin,  zinc,  lead  chloride,  and  potassium  chloride.  The  start 
of  crystallization  was  determined  visually  and  from  the  cooling  curves.  The  temperatures  found  by  these  two 
methods  agreed  within  ±1*. 

The  vessel  used  was  a  silver  crucible  about  20  ml  in  capacity.  25  g  of  the  components  was  put  into  the 
crucible.  The  thermocouple  was  used  as  stirrer.  The  cooling  rate  was  less  than  5*  per  minute.  The  cmcible 
containing  the  salts  was  in  a  nitrogen  atmosphere. 

The  components, of  chemically  pure  grade,  were  dehydrated  before  use.  The  sodium  carbonate  was  cal¬ 
cined  at  800*.  Sodium  chloride  was  dried  and  fused.  Caustic  soda  was  dehydrated  by  heat  in  a  silver  crucible 
at  450—  500*  in  an  inert  atmosphere  for  1  —  5  hours.  The  sodium  carbonate  content  of  the  melt  was  determined 
by  titration  of  samples  with  hydrochloric  acid  solution.  The  original  caustic  soda  contained  from  0.3  to  2.2  wt.^Vo 
Na2C03.  Caustic  soda  containing  0.3  wt%  Na2COs  was  used  in  determinations  of  the  crystallization  temperatures 
of  pure  NaOH  and  of  the  NaOH“  NaCl  system. 

The  system  NaOH  ~  NaCl.  The  system  NaOH“  NaCl  was  studied  in  detail  by  Scarpa  [1]  and  by  Antropoff 
and  Sommer  [2].  Phase  changes  in  this  system  were  also  studied  later  [3].  Lines  for  the  start  of  crystallization, 
according  to  the  data  of  these  workers,  are  plotted  in  Fig.  1.  The  following  values  have  been  given  for  the  melt¬ 
ing  point  of  caustic  soda:  310*  [1],  322*  [2],  and  327*  [3];  the  melting  point  of  sodium  chloride  is  given  as  806* 
[1]  and  798*  [2].  According  to  Heves  [4],  the  melting  point  of  NaOH  is  318.4*±0,2*,  according  to  Neumann  and 
Bergve  [5]  it  is  300*,  and  according  to  Khitrov  [6]  it  is  322*.  Our  value  for  the  melting  point  of  sodium  hydroxide 
is  318.2il*. 

The  results  of  our  determinations  of  the  start  of  crystallization  in  the  system  NaOH“  NaCl  are  given  below 
and  in  Fig.  1  (Curve  3). 

Crystallization  Temperatures  in  the  System  NaOH  “  NaCl 

NaCl  content  (wt.*^^)  0  10  20  30  40  50  60  100 

Start  of  crystalli2ation  ("C)  318.2  332  331  355.5  431  518  585  804 

Our  results  are  in  good  agreement  with  Scarpa's  data  [1].  We  did  not  detect  a  sharp  break  in  the  liquidus 
curve  in  the  region  of  40  yttJ’Jo  of  sodium  chloride,  which  was  reported  by  Antropoff  and  Sommer  (Fig.  1,  Curve 
2). 
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Temperatures  of  the  Start  of  Crystallization  in  the  System  NaOH“  Na2CC)s“  NaCl 


Point 

No. 

Contents  (wt  *70) 

Tempera' 
ture  of. 
start  oT 
crystalli¬ 
zation 

(•c) 

Point 

No. 

Contents  (wt  ^0) 

Tempera¬ 
ture  of. 
start  of 
crystalli¬ 
zation 
CC) 

NaOH 

Na.CO, 

NaCl 

NaOH 

Na,co, 

NaCl 
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90  7 

0  3 
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18 

70 
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10 
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10 
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19 
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V.o 
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10 
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20 

40 

20 

40 
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4 
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20 
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21 

70 

30 

— 
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5 
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23 

20 
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22 

60 

30 

10 

379 

6 

09.7 

0  3 

30 

356 

23 

40 

30 

30 

445 

7 
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0  3 

40 
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24 

60 

40 

— 

433 

g 

49  7 

0  3 

50 
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25 

40 

40 

20 
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Q 

39  7 

0  3 

60 
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26 

40 

60 

— 

559 

10 
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27 

90 

5 

5 

306.6 

11 

90 

10 

— 

303 

28 

80 

5 

15 

311 

12 

80 

10 

10 

305 

29 

80 

15 

5 

291 

13 

70 

10 

20 

321 

30 

70 

15 

15 

312 

14 

60 

10 

30 

376 

31 

55 

20 

25 

357 

15 

40 

10 

50 

569 

32 

60 

15 

25 

348.5 

16 

83 

17 

— 

293 

33 

78.2 

15 

6.8 

282 

17 

80 

20 

307 

A 


Fig,  1.  Phase  diagram  for  the  system  NaOH""  NaCl: 

A)  temperature  (’C),  B)  composition  {yn,°!o  NaOH):  data 
of:  1)  Scarpa,  2)  Antropoff  and  Sommer,  3)  ourselves, 

4)  Ravich  and  Elenevskaya, 

The  system  NaCl  —  NajCC^.  The  system  NaCl“  NajCOs  was  studied  by  Amadori  [7]  and  by  several  Soviet 
workers  [8],  The  system  has  a  eutectic  at  58.5  molar  ’’fo  (43,8  wt.‘7o)  NaCl,  and  starts  to  crystallize  at  636*  [7], 

The  system  NaOH  —  Na2COs.  The  binary  system  NaOH  —  Na2C03  was  first  studied  by  Le  Blanc  and  Carrier 
[9],  It  was  later  studied  in  detail  by  Maksimenko  [10],  who  used  thermal  analysis;  he  demonstrated  the  existence 
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A)  temperamre  (*C),  B)  composition  (wt.70  Na^COs  “  NaCl:  A)  temperature  (  C),  B)  composition 

Na2C03);  data:  1)  Neumann  and  Bergve,  A)  temperature  (‘C),  B)  composition  (wt.*?^?  NaOH);  (wt.‘7o  NajCOj);  lines  for  Sections  1, 

2)  ours.  lines  for  Sections  1“  VL  2,  3, 


of  a  eutectic  at  300*  and  11.6  NajCOs.  Neumann  and  Bergve  [5]  discovered  the  existence  of  solid  solutions 
in  the  system,  with  a  minimum  at  280*  and  17  wt.'Vo  NajCQs.  According  to  Amadori,  the  system  forms  a  eutectic 
at  300*  with  13  molar  %  carbonate.  Finally,  Khitrov  [6]  found  that  NaOH  and  Na2C03  form  a  eutectic  melting 
at  284*,  with  11.5  molar  °Jo  Na-jCO^.  The  results  of  our  determinations  are  given  below  and  in  Fig.  2,  Curve  2 
(Curve  I  represents  Neumann  and  Bergve’s  data  [5]). 

Crystallization  Temperatures  in  the  System  NaOH  “  Na2C03 

Na2C03  content  (wt.^o)  0  10  I'?  20  30  40  60 

Start  of  crystallization  CC)  318.2  303  293.5  307  370  433  559 

We  found  a  eutectic  at  17.6  wt.^o  Na2C03  and  291.8*  (Fig.  2,  point  E). 

The  system  NaOH  ~  Na2C03  ~  NaCl.  The  results  of  our  determinations  of  the  crystallization  temperatures 
in  the  system  NaOH""  Na2C03  “  NaCl  are  given  in  the  table  and  in  Figs,  3  6, 

Fig.  3  shows  the  crystallization  curves  along  the  Sections  1“  VI  (Fig.  6).  It  is  clear  from  Fig.  3  that  Sec¬ 
tion  II  resembles  Section  I.  The  eutectic  E2  is  found  at  291*  and  7.7  wt.^  NaCl,  15,5  wt.'V®  Na2C03,  and  76.8  wt. 
°h  NaOH.  No  eutectics  are  found  on  the  lines  for  Sections  III  (wt.'^o  ratio  of  Na2C03  to  NaCl  =  l),  IV,  and  V  (wt.% 
ratio  of  Na2COs  to  NaCl  =  3),  and  these  are  similar  to  Section  VI,  i.e.,  the  system  NaOH— NaCl. 

Fig.  4  shows  the  curves  for  the  start  of  crystallization  along  the  lines  of  the  three  Sections  1  ""3  (Fig.  6), 
for  constant  sodium  chloride  contents  of  10,  20,  and  30  respectively.  The  eutectic  point  E3  corresponds  to 
14.8  Na2COs,  10  wt.'y©  NaCl,  and  75.2  wt.'l/o  NaOH;  the  eutectic  point  E4  corresponds  to  14.8  wt.%  Na2C08, 

20  wt.‘7o  NaCl,  and  65.2  wt.7o  NaOH. 

Fig.  5  shows  curves  for  the  start  of  crystallization  in  the  sections  G,  D,  M,  P,  and  T  for  lines  corresponding 
to  constant  caustic  soda  contents  (Fig.  6).  It  is  clear  from  Fig.  5  that  addition  of  sodium  chloride  to  NaOH"" 
Na2COs  melts  at  constant  caustic-soda  content  lowers  the  melting  point  of  the  ternary  melt. 

Part  of  the  triangular  diagram  for  the  system  NaOH""  Na2CC^""  NaCl  is  given  in  Fig,  6.  The  point  Eo  cor¬ 
responds  to  the  composition:  15  wt.*7o  Na2C03,  6.8  wt.'^o  nIvII,  and  78.2  wt.‘7o  NaOH,  with  melting  point  282*. 
The  temperature  of  the  start  of  crystallization  of  the  binary  NaOH""  Na2COi3  eutectic  of  variable  composition 
decreases  from  the  point  E  through  the  point  Ei.  Further,  the  crystallization  temperature  increases  along  the  line 
Eo,  E2,  E4,  and  E5.  It  also  follows  from  Fig.  6  that  under  production  conditions  with  an  electrolysis  temperature 
of  300*  up  to  10  —  20*70  of  sodium  chloride  can  build  up  with  the  same  content  of  sodium  carbonate  in  the  melt, 
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VAPOR  PRESSURE  OF  SOj  OVER  ZINC  BISULFITE  SOLUTIONS 


I.  L.  Peisakhov  and  V.  D.  Karmazina 


A  method  has  been  developed  in  the  State  Institute  of  Nonferrous  Metals,  under  the  guidance  of  the  authors 
of  this  paper,  for  removal  of  sulfur  dioxide  from  metallurgical  gases  by  means  of  a  pulp  containing  zinc  oxide 
and  sulfite. 

Calculations  relating  to  equipment  design,  and  evaluation  of  the  technical  process  conditions,  require  data 
on  the  SOj  pressure  over  the  pulp  containing  solid  ZnSO^  and  dissolved  ZnfHSOs)*.  I.  N.  Kuzminykh  and  A.  G. 
Kuznetsova  determined  SO2  pressures,  but  their  data  were  largely  concerned  with  the  region  of  high  Zn(HSOj)2 
concentrations,  and  the  influence  of  ZnSQ4  in  the  solution  was  studied  only  at  20*. 

In  the  purification  of  metallurgical  gases  the  region  of  low  Zn(HSC)3)2  concentrations  and  the  influence  of 
temperature  in  presence  of  ZnS04  are  of  interest,  as  ZnSO^  is  formed  continuously  during  the  gas  purification 
and  is  therefore  present  in  dissolved  form  in  the  absorption  liquid. 

The  equilibrium  pressure  of  SO2  over  aqueous  solutions  of  zinc  bisulfite  and  sulfate  was  determined  by  the 
dynamic  method  generally  used  for  such  purposes. 

The  apparatus  is  shown  schematically  in  Fig.  1. 

Nitrogen  from  a  cylinder  passed  through  a  rheometer  and  then  through  five  consecutive  absorption  flasks 
containing  the  solution.  The  experimental  procedure  was  essentially  the  same  as  that  used  by  Kuzminykh  and 
Kuznetsova  [1],  but  the  liquid  over  which  the  SO2  pressure  was  determined  was  not  pure  zinc  bisulfite  solution 
but  a  pulp  containing  solid  zinc  sulfite,  as  preliminary  experiments  showed  that  in  absence  of  solid  zinc  sulfite 
in  the  solution  the  reproducibility  of  the  SO2  pressure  determinations  is  often  poor.  Therefore  crystalline  zinc 
sulfite  was  added  to  the  zinc  bisulfite  solution  in  each  flask. 

The  gas  emerging  from  the  last  flask  was  analyzed  for  its  SO2  content  and  then  passed  through  an  absorp¬ 
tion  flask  containing  iodine  solution.  The  nitrogen  rate  was  maintained  at  about  0.5  liter/minute. 

It  was  shown  in  preliminary  experiments  that  iodine  was  not  volatilized  from  the  flask  during  the  deter¬ 
minations. 

In  all  cases  the  solutions  in  the  last  three  flasks  were  analyzed  for  SO2  and  Zn  after  the  end  of  each  experi¬ 
ment.  As  a  rule  the  solutions  in  them  were  all  of  the  same  composition,  which  did  not  differ  from  the  original. 

The  SO2  pressure  was  calculated  as  follows.  Let  v^q  be  the  volume  of  SO2  under  standard  conditions 
(in  ml)  in  the  gas  entering  the  flask  containing  iodine  solution  during  sampling  of  the  gas  for  analysis;  Vj^^^  is 
the  volume  of  inert  gas  under  standard  conditions  (in  ml)  entering  the  aspirator  during  the  experiment. 

We  have: 

^so,  ^11,0  ^’ototal  (1) 

/’so,  /’ii,o  /’n,  /’o  total 
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Fig.  1.  Laboratory  apparatus  for  determination  of  SOj  pressure  over  zinc  bisulfite  solutions: 
1)  N2  cylinder,  2)  outlet  valve  for  excess  N2,  3)  mercury  manostat,  4)  rheometer,  5)  absorp¬ 
tion  flasks  with  zinc  bisulfite  solution,  6)  thermometer,  7)  manometer  for  determination  of 
rarefaction  in  the  last  absorption  flask,  8)  valve  for  release  of  gas  into  the  air,  9)  flask  with 
iodine  solution,  10)  aspirator,  11)  measuring  cylinder,  12)  ultrathermostat  for  keeping  the 
temperature  constant. 


A 


Fig.  2.  Variations  of  SO2  pressure  with  temper¬ 
ature  at  ZnS04  concentrations  below  12  g/ liter: 
A)  log  SO2  pressure  (min  Hg),  B)  I/T;  the  num¬ 
bers  of  the  curves  correspond  to  the  solution 
compositions  represented  by  the  same  numbers 
in  Table  1. 


A 


Fig.  3.  Variations  of  SO2  pressure  with  temper¬ 
ature  at  ZnS04  concentrations  above  12  g/liter: 
A)  log  SO2  pressure  (mm  Hg),  B)  i/T;  the  num¬ 
bers  of  the  curves  correspond  to  the  solution 
compositions  represented  by  the  same  numbers 
in  Table  2. 
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TABLE  1 


Values  of  SOj  Pressure  over  Zinc  Bisulfite  Solutions  with  Zinc  Sulfate  Concentrations  <  12  g/liter 


Expt*  No. 

Contents  in  solution  (g/liter) 

Density  of 
solution 

SO,  pressure  (mm  Hg) 
at  temperature  (*C): 

Formula  for 
calculation 

(mm  Hg) 

d 

t/) 

DC 

S 

8" 

1 

_ SO, 

before 

experiment 

calculated 

from 

formula 

20 

40 

50 

60 

d 

0 

(U 

0 

Vm 

1 

5.32 

4.52 

3.38 

2.98 

0. 

4.8 

1.006 

0.057 

0.126 

1.160 

3.94  -  1520/  T 

2 

10.2 

3.52 

4.44 

5.84 

0 

4.2 

4.3 

1.009 

0.149 

0.393 

0.597 

0.954 

4.88  -  1960/  T 

3 

13.9 

8.1 

7.25 

7.97 

0.19 

4.2 

4.1 

1.016 

0.465 

0.679 

1.29 

2.00 

6.43- 2040/ T 

4 

13.9 

4.44 

5.79 

7.83 

0 

3.9 

4.1 

1.012 

0.302 

0.767 

1.26 

2.02 

'  6.23- 2040/ T 

5 

24.2 

3.71 

8.47 

14.0 

0.26 

3.6 

3.8 

1.018 

1.68 

3.34 

4.61 

8.77 

7.28- 2110/ T 

6 

25.6 

6.6 

10.05 

15.0 

0.58 

3.6 

3.7 

1.025 

1.67 

3.74 

5.70 

7.62 

5.77  -  1620/  T 

7 

39.3 

11.4 

15.9 

23.65 

1.54 

3.15 

3.3 

1.041 

3.8 

8.52 

12.2 

18.5 

6.04  -  1600/  T 

8 

41.4 

9.35 

15.6 

25.0 

1.73 

3.4 

3.3 

1.04 

3.6 

9.34 

14.57 

19.73 

1  6.92- 1865/ T 

Fig.  4.  Variations  of  SO2  pressure  with  ZnSO^ 
concentration  at  different  temperatures: 
total  SO2  contents  of  solutions  (g/liter):  a)  25, 
b)  3;  A)  SO2  pressure  (mm  Hg),  B)  ZnS04  con¬ 
centration  (g/liter);  temperature  (‘C):  1)  20, 

2)  40,  3)  50,  4)  60, 


where  £  is  the  pressure  of  each  component  (mm  Hg),and 
V  is  the  volume; 

hence: 


PtotaT^H,0 

^so,  so,  (^totaT^H»o) 


*^so, 

*^80,  +  *'N, 


.(2) 


Further, 

1)  VgQj  is  the  number  of  milliliters  of  decinormal 
iodine  solution  consumed,  multiplied  by  1.095; 


2) 


W?73(g-p-6) 
*'n,  —  760  .  r 


(3) 


where  Vvsrater  is  the  volume  of  water  displaced  from  the 
aspirator  (ml);  B  is  the  barometric  pressure  (mm  Hg);  p 
is  the  rarefaction  in  the  aspirator  (mm  Hg);  Jb  is  the  water 
vapor  pressure  at  the  temperature  of  the  water  in  the  as¬ 
pirator; 


f00/)H,O 

3)  '’H.O-=tOO  +  .ao_  +  Cso,  +  C2„'  w 

where  p'  is  the  pressure  of  water  vapor  over  pure  water  . 
at  the  temperature  of  the  experiment  (mm  Hg);  £are  the 
concentrations  of  SO2.  SO"4.  Zn  (in  moles  per  100  moles  of 
water  in  the  solutions  used); 
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Fig.  5,  Effect  of  total  SOj  concentration  in  solution  on  the  SOj  pressure  at  different 
temperatures; 

ZnSO^  contents  (g/liter):  a)  100,  b)  12;  A)  SO2  pressure  (mm  Hg),  B)  total  SO2  con¬ 
centration  (g/liter):  temperature  (*0:  1)  20,  2)  40,  3)  50,  4)  60. 


A 


Fig.  6.  Effect  of  ZnS04  concentration  on  solution 
pH  with  different  total  SO2  contents: 

A)  pH,  B)  ZnS04  concentration  (g/liter);  total  SO2 
contents  (in  g/liter);  1)  22—  25,  2)  1.7  —  3.5, 

3)  0.7  (zinc  bisulfite  absent),  4)  solution  contains 
2^504  only. 


4)  PjQjal  is  the  barometric  pressure  ±  the  pres¬ 
sure  in  the  last  flask. 

The  values  obtained  for  the  SO2  pressure  over 
solutions  of  different  compositions  are  given  in  Tables 
1  and  2.  The  results  are  grouped  according  to  ZnS04 
concentration,  and  are  presented  in  order  of  increas¬ 
ing  S02tg(ai  concentration  in  each  group. 

The  effect  of  temperature  on  the  SO2  pressure 
is  given  by  the  Clapeyron—  Clausius  equation,  which 
can  be  written  in  the  simplified  general  form; 

,  6 

lgp=»a  —  ^  ,  (5) 

where  £  and  b  are  constants;  T  is  the  absolute  tem¬ 
perature. 

Our  experimental  results  were  presented  in 
graphical  form  (Figs.  2  and  3). 

It  is  clear  from  Figs.  2  and  3  that  nearly  all  the 
points  lie  on  straight  lines,  i.e.,  conform  to  Equation 
(5). 

For  ZnS04  concentrations  <12  g/liter  most  of 
the  lines  have  the  same  slope,  ccarresponding  to  an 
average  value  of  1900  for  the  coefficient  b. 


For  ZnS04  concentrations  >12  g/liter  most  of 

the  lines  also  have  the  same  slope;  we  could  not  determine  the  cause  of  the  existing  deviations,  but  they  maybe 
caused  by  the  effect  of  considerable  concentrations  of  ZnS04  on  the  solubility  of  ZnSOs  and  Zn(HSOs)2. 
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TABLE  2 

Values  of  SO2  Pressure  over  Zinc  Bisulfite  Solutions  with  Zinc  Sulfate  Concentrations  >  12  g/llter 


Content?  in  solution 

In/  ntar\ 

Solution  pH 

SO, 

pressure  (mm  Hg)  ! 

0 

T3 

Formula  for 
calculation  of 

z 

• 

0 

1 

SO, 

4 

fa 

4) 

0 

ErS 

cx 

t/) 

X 

N 

ZnSO, 

a 

N 

total 

(U 

(U 

OX 

U-4  M 

calcui 

from 

formu 

m  fcj 

C  3 

Q  8 

20 

40 

50 

60 

Pso, 

(mm  H0 

f) 

5.56 

24.8 

11.62 

3..3n 

0.23 

4.3 

4.5 

4.2 

1.026 

0.206 

0.319 

0.356 

0.50 

ooo  880 

2.22  -  -y 

10 

41.3 

26.8 

22.7 

23.7 

0.45 

3.0 

3.2 

3.25 

1.051 

6.70 

13.2 

16.8 

21.5 

1240 
5.06  -  — 

11 

3.86 

,55.. 

23.4 

2.21 

0.32 

4.05 

— 

1.0.55 

0.07 

0.134 

0.175 

0.259 

850 

1.85 --Y" 

1150 

12 

6.14 

53.2 

23.3 

3.5 

0.0,5 

,3.45 

4.1 

4.1 

1.0.57 

0.363 

0.723 

0.843 

1.035 

,3.5  -  — 

1300 

13 

42.3 

49.6 

32.2 

25.0 

1.15 

2.8 

.3.1 

3.1 

1.080 

8.44 

1.5.7 

20.5 

27.5 

5.38  — 

14 

3.64 

88.2 

36.7 

2.63 

0.58 

4.1 

— 

4.2 

1.088 

0.256 

0.289 

0.30 

0.395 

]  8,30 

j  2.09  - 

1400 

15 

3.64 

88.2 

36.7 

2.63 

0..58 

4.1 

— 

4.2 

1.088 

0.188 

0.258 

0.311 

0.468 

Hi 

10.9 

82.6 

36.8 

6.9 

1.21 

3.9 

3.9 

1.090 

0.948 

1.78 

2.52 

3.r)a 

4.76  -  — 

1,320 

17 

22.9 

82.0 

39.6 

1.3.7 

1.02 

3.8 

— 

3.6 

1.10 

2.68 

5.46 

6.96 

9.41 

4.92  —  -jr- 

18 

35.4 

77.5 

41.5 

22.2 

2.3 

3.2 

3.2 

1.106 

9.35 

16.77 

18J3 

21.3 

1  850 

j  3.88  - 

1000 

19 

35.4 

77.5 

41.5 

22.2 

2.3 

3.2 

— 

3.2 

1.106 

8.64 

14.78 

17.6 

22.3 

20 

3.64 

104 

43.5 

2.00) 

0 

4.1 

4.2 

1.088 

1.187 

0.299 

0.329 

0.472 

2.68  —  -jT 

21 

5.67 

103 

43.6 

,3.44 

0  24 

.3.4 

4.0 

4.0 

1.099 

0.37.3 

0.726 

0.933 

1.25 

4.01  —  —jT 

n.n  1850 

22 

42.7 

101.4 

,53.1 

24.5 

0.45 

2.8 

3.0 

3.1 

1.122 

7.83 

17.0 

22.5 

32.5 

6.16  -  yj- 

1450 

23 

3.28 

194 

77.8 

3.01 

1.65 

,3.5 

4.1 

1.185 

0.274 

0..573 

0.740 

1.08 

4.38  —  -Y- 

1700 

24 

38.1 

198 

91.6 

21.5 

0 

,3.4 

3.2 

1.216 

5.93 

14.94 

20.53 

28.7 

6.66  —  —jr- 

Fig.  4  (a  and  b)  shows  the  effect  of  the  concentration  of  ZnSQ4  in  solution  on  the  SO2  pressure.  It  may  be 
represented  by  the  equation: 


p:=  A  I  U  Igc^nso,- 


(6) 


To  determine  the  effect  of  total  SO2  content  in  solution  (determined  directly  by  iodometric  titration  of 
the  solution)  on  the  SO2  pressure,  a  graph  was  plotted  (Fig.  5, a  and  b),  with  corrections  for  the  effect  of  ZnS04 
concentration  in  accordance  with  Fig.  4  applied  to  the  experimental  data. 

These  corrections  were  not  applied  for  ZnS04  concentrations  below  12  g/liter. 

Plotted  in  log~  log  coordinates,  the  points  lie  satisfactorily  on  straight  lines,  and  the  relationship  between 
^S02  1  represented  by  the  following  formulas. 
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A 


Fig.  7.  Effect  of  total  SOj  concentration 
in  solution  on  the  solution  pH; 

A)  pH,  B)  total  SO2  concentration  in  solu¬ 
tion;  curves;  1)  laboratory  results  for  100  g 
ZnS04  per  liter,  2)  results  obtained  in 
pilot  unit  with  variable  ZnS04  concentra¬ 
tion. 


A 


Fig.  8,  Effect  of  solution  pH  on  the  SOj  pressure: 
A)  log  SO2  pressure  (mm  Hg),  B)  pH. 


For  solutions  containing  less  than  12  g  ZnS04  per  liter, 


•R  /’so,  =  4- 12.13  Ig 


1900 
total  T 


(7) 


For  higher  ZnS04  concentrations,  we  combine  the  relationships  represented  by  Equations  (5)  and  (6)  and 
the  graphs  in  Figs.  4  and  8  to  obtain  the  following  approximate  formula; 


/’so,  —  ^  ^  -^SlgCsjQ^  tol^f  ^S'^ZnSO, 


1.300 
T  ■ 


(8) 


The  presence  of  a  particular  amount  of  802jqj^j  in  the  solution  is  closely  associated  with  the  solution 

acidity.  Therefore  the  SO2  pressure  over  the  solution  must  depend  on  the  H'*'  concentration.  It  must  be  pointed 
out,  however,  that  the  H'^  concentration  can  itself  be  influenced  by  the  concentration  of  ZnSQj  in  the  solution. 

The  variations  of  solution  pH  with  the  ZnS04  concentration  are  plotted  in  Fig.  6. 

Fig.  7  shows  variations  of  solution  pH  with  Ccr\  at  ZnS04  concentration  of  100  g/liter. 

2 total 

It  should  be  noted  that;  1)  equilibrium  between  the  components  of  a  pulp  containing  solid  ZnSQs  and  a 
high  concentration  of  dissolved  ZnS04  is  established  very  slowly,  and  the  solution  pH  therefore  fluctuates  for 
several  hours;  2)  the  scattering  of  the  points  is  possibly  due  to  the  fact  that  some  solutions  contained  relatively 
large  amounts  of  sulfurous  acid  (in  addition  to  bisulfite),  about  2  ~  3  g/liter,  which  might  have  a  somewhat  dif¬ 
ferent  effect  to  the  presence  of  bisulfite  only  on  the  pH. 

pH  values  less  than  4  can  be  represented  by  the  formula; 

pll  4.n  —  0.2  Ig  —  0.045cgQ^  total  (9) 


76 


and  pH  values  above  4,  by  formula; 


pH  9.5  —  —  2cgQ^  ^ 


(10) 


The  experimental  values  of  log  Pj;q^  plotted  against  the  solution  pH  in  Fig.  8,  It  is  seen  that  the  points 
lie  around  lines  satisfying  the  equation 


1300 

P  PsOt^  9.25  —  1 .25pH  —  j, 


(11) 


for  the  pH  range  from  3  to  4,8. 

The  data  found  for  the  SOj  pressure  over  various  solutions  can  be  used  to  calculate  the  percentage  purifi¬ 
cation  of  a  gas  containing  SO|  if  it  is  washed  with  a  pulp  containing  ZnO.  ZnSOg,  ZnS04  and  ZnfHSO^)]. 

SUMMARY 

1.  It  is  shown  that  the  SOj  pressure  over  a  pulp  containing  ZnSO^.ZnSO^  and  ZnfHSQs)]  depends  on  the 
temperature  (in  accordance  with  the  Clapeyron  ~  Clausius  equation),  the  total  SO2  concentration  in  the  solution, 
and  the  ZnS04  concentration, 

2.  The  solution  pH  approximately  corresponds  to  the  formula:  pH  =  4.6  “  0.2  log  c^s04”*  ^SOttotal 
for  pH  values  below  4,  while  at  higher  pH  it  is  represented  by  the  formula: 

pH  =  9.5  —  0.005c2nso4  ~  ^^SO,  total . 

3.  The  SOj  pressure  can  be  roughly  calculated  from  the  formulas: 

PsOt  —  +  2.13  IgCgo,  coTafT” 

at  21nS04  concentrations  below  12  g/liter,  and 

1300 

*8 /’so, —  2.15  +  I  ’/SlgCgQ^  totil  Ig  ‘^znSO.  —  *7^ 

at  ZnSQ4  concentrations  above  12  g/liter;  or,  for  all  cases  at  pH  below  4.8 

1300 

^^25  1.25pH  j, 
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EFFECTS  OF  TEMPERATURE  AND  PARTIAL  PRESSURE  OF  OXYGEN 


IN  THE  GAS  ON  THE  OXIDATION  RATE  OF  AMMONIUM 
SULFITE  “  BISULFITE  SOLUTIONS 


B,  A.  Chertkov 


Oxidation  of  sulfite  —  bisulfite  solutions,  and  in  particular,  of  ammonium  sulfite  —  bisulfite,  plays  an  Im¬ 
portant  role  when  such  solutions  are  used  as  absorbents  in  the  extraction  of  SO|  from  dilute  gaseous  mixtures.  In 
most  cases,  and  especially  in  circulation  processes  of  SOj  extraction,  the  aim  is  to  create  conditions  In  which 
the  absorbent  solution  is  oxidized  as  little  as  possible.  However,  this  cannot  always  be  achieved,  as  the  degree 
of  oxidation  of  any  particular  solution  depends  on  a  whole  series  of  factors,  some  of  which  can  intensify  the  pro¬ 
cess  while  others  retard  it.  Determination  of  the  influence  of  individual  factors  on  the  oxidation  of  the  absorbent 
solution  with  variations  of  the  conditions  for  absorption  of  SOj  from  gases,  with  the  appropriate  quantitative  data, 
would  make  this  problem  considerably  easier  to  solve. 

In  our  preceding  paper  [1]  the  influence  of  the  composition  of  the  absorbent  solution  on  its  oxidation  rate 
was  considered.  The  data  on  the  influence  of  temperature  and  the  partial  pressure  of  oxygen  in  the  gas  on  the 
oxidation  rate  of  sulfite  bisulfite  solution,  presented  in  this  paper,*  may  also  be  of  definite  interest  in  relation 
to  SOjt  absorption. 

It  is  known  that  the  reversible  cyclic  process  of  SOj  extraction  from  gases  is  most  complete  at  low  temper¬ 
atures  (about  20“  25“).  However,  it  is  very  difficult  to  cool  considerable  volumes  of  contaminated  industrial 
gases,  especially  boiler-house  flue  gases,  to  such  temperatures,  and  in  the  summer  time  it  is  impossible.  There¬ 
fore  in  practice  SOj  is  absorbed  from  gases  at  a  higher  temperature  (30  “35*). 

If,  however,  a  cyclic  process  is  not  required  or  if  other  and  nonvolatile  bases  are  used  rather  than  ammonia, 
absorption  of  SO2  can  be  effected  without  preliminary  cooling  of  the  gases.  In  such  cases  the  temperature  of  the 
absorbent  solution  is  established  at  a  level  close  to  50“  55*. 

Thus,  the  possible  temperature  range  of  the  absorbent  liquors  in  the  removal  of  SOj  from  gases  Is  20  “  55*. 

The  partial  pressure  of  oxygen  can  vary  from  8  “  10%  in  flue  gases  of  electrical  power  stations,  to  18  “  20% 
in  very  dilute  exit  gases  in  the  nonferrous  metals  industry  and  other  industries. 

The  extensive  literature  on  the  oxidation  of  sulfite  and  bisulfite  solutions**  contains  much  information  on 
the  influence  of  various  factors,  including  temperature  and  oxygen  concentration  in  the  gas  phase,  on  the  oxida¬ 
tion  rate.  However,  such  information  is  often  contradictory  and,  as  has  already  been  pointed  out  [1],  the  cause 
of  the  discrepancies  lies  in  the  different  experimental  conditions,  and  in  particular,  in  differences  of  the  concen¬ 
trations  of  the  solutions  studied. 


*  The  experimental  work  was  performed  by  D.  L.  Puklina,  T.  I.  Pekareva,  and  T.  T.  Spiridonova. 

*  *  The  fullest  literature  reviews  on  this  subject  are  given  in  an  old  paper  by  Vol’fkovlch,  and  Belopol’skii  [2], 

in  a  relatively  recent  paper  by  Abel  [3],  who  suggested  a  new  mechanism  of  sulfite  oxidation,  and  in  Rozenknop's 
monograph  [4]. 
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The  oxidation  conditions  and  the  influence  of  individual  factors  on  the  oxidation  rate  in  dilute  solutions 
differ  substantially  from  those  in  concentrated  sulfite  —  bisulfite  solutions  used  for  removal  of  SOj  from  gases. 

For  example,  Titov  [2],  who  used  very  dilute  sodium  sulfite  solutions,  found  that  the  oxidation  rate  is  in¬ 
dependent  of  the  oxygen  concentration  in  the  gas  phase  over  a  wide  range. 

Reinders  and  Vless  [2],  who  also  worked  with  dilute  solutions,  confirmed  that  the  oxidation  reaction  is  in¬ 
dependent  of  the  oxygen  concentration,  and  also  found  that  the  reaction  rate  is  doubled  with  a  10*  rise  of  tem¬ 
perature.  Miyamoto  [2],  on  the  contrary,  found  that  the  influence  of  temperature  on  the  oxidation  rate  is  very 
small. 

Vol’fkovich  and  Belopol'skii  [2]  improved  the  experimental  technique  and  found  that  the  oxidation  rate 
of  potassium  sulfite  increases  with  increasing  concentration  of  dissolved  oxygen.  According  to  their  results,  in¬ 
crease  of  the  solution  temperature  from  0  to  10*  almost  doubled  the  oxidation  rate  (the  potassium  sulfite  con¬ 
centration  was  0.5  M). 

In  a  stronger  solution  of  ammonium  sulfite  (1.2  M)  the  effect  of  temperature  on  the  oxidation  rate,  accord¬ 
ing  to  the  results  of  Vol’fkovich  and  Tsirlin  [5],  was  less  pronounced.  Thus,  with  increase  of  temperature  from 
20  to  80*  the  percentage  oxidation  of  ammonium  sulfite  rose  from  4.45  to  11. l*^. 

Torres  and  Heinsen  [6],  who  studied  the  oxidation  of  highly  concentrated  ammonium  sulfite  and  bisulfite 
solutions,  found  that  the  oxidation  rate  of  ammonium  sulfite  changes  only  very  slightly  with  increase  of  temper¬ 
ature.  In  the  case  of  ammonium  bisulfite,  on  the  other  hand,  the  oxidation  rate  increased  considerably  with 
temperature,  the  greatest  increase  being  found  for  ammonium  bisulfite  solutions  of  the  highest  concentrations. 

For  example,  when  the  temperamre  was  increased  from  25  to  50*.  the  rate  coefficient  for  the  oxidation  of  30^o 
NH4HSO3  solution  increased  1.15-fold,  while  for  a  78%  solution  it  increased  4-fold. 

It  is  clear  from  this  brief  survey  that  the  available  literature  data  cannot  provide  a  basis  for  quantitative 
estimation  of  the  effects  of  temperature  and  partial  pressure  of  oxygen  in  the  gas  on  the  oxidation  rates  of  sul¬ 
fite  “*  bisulfite  solutions,  and  in  particular  of  ammonium  sulfite  —  bisulfite,  used  for  extraction  of  SOj  from  gases. 

The  influence  of  these  factors  on  the  rate  of  the  oxidation  process  can  be  deduced  on  the  basis  of  the  most 
general  considerations  which  follow  from  the  theory  of  absorption  of  gases  with  chemical  reactions  in  the  liquid 
phase. 

As  is  noted  in  Ramm's  monograph  [7]  the  general  equation  for  absorption  accompanied  by  irreversible  re¬ 
actions  in  the  liquid  phase,  for  the  absorption  of  a  sparingly  soluble  gas,  when  the  gas-film  resistance  may  be 
disregarded,  is  of  the  form 


where  N  is  the  amount  of  the  component  absorbed  (in  kg/m^*hour),  H  is  the  Henry  coefficient  (in  kg/m^»atmos) 
(in  the  equation  C  =  Hp),  k^^  is  the  liquid-film  mass-transfer  coefficient  (in  mAiour),  P  is  the  partial  pressure  of 
the  absorbed  component  in  the  gas  phase  (in  atmos),  P*  is  the  equilibrium  pressure  of  the  absorbed  component, 
corresponding  to  its  concentration  in  the  liquid  phase  (in  atmos).  and  6  is  the  factor  representing  the  decrease 
of  the  liquid-film  resistance  in  presence  of  a  chemical  reaction,  given  by  the  expression 

here  ki  is  the  rate  constant  of  the  chemical  reaction  (tentatively  assumed  to  be  of  the  1st  order)  (in  sec“^),  D  is 
coefficient  of  diffusion  of  the  absorbed  component  through  the  liquid  film  (in  mVhour),  is  the  thickness  of 
the  liquid  film  (in  m),  and  coth  and  tanh  are  hyperbolic  functions. 

The  values  of  all  the  quantities  in  Equation  (1)  except  P  can  vary  with  the  temperature. 

The  value  of  y  should  undergo  the  greatest  changes,  as  the  rate  constant  k^  of  the  chemical  reaction  may 
increase  severalfold  in  the  20—  55*  range,  while  the  coefficient  of  diffusion  of  oxygen  in  the  liquid  D,  increases 
approximately  1.5-fold.  The  film  thickness  remains  almost  unchanged. 


With  the  remaining  conditions  constant,  the  driving 
force  of  absorption  the  value  of  the  factor 

6  increase  with  increasing  y . 

Increase  of  temperature  also  results  in  increase  of  the 
liquid-film  mass-transfer  coefficient  kj^;  the  latter  can  be 
determined,  say  for  wetted-wall  apparatus,  from  the  follow¬ 
ing  general  equation  [7] 


Fig.  1.  Effect  of  temperature  on  the  rate  of 
absorption  of  oxygen  by  ammonium  sulfite  — 
bisulfite  solutions: 

A)  oxygen  absorbed  (in  g/m^*hour),  B)  tem¬ 
perature;  solutions:  1)  prepared  artificially, 
2)  liquor  from  sulfur  recovery  unit. 


^;0.5 


(2) 


where  A  is  a  coefficient  combining  a  group  of  hydrodynamic 
factors,  fi  is  the  viscosity  of  the  liquid  (in  kg.  second/m^, 
and  ^is  the  density  of  the  liquid  (in  kg/m’). 


It  is  clear  from  Equation  (2)  that  k^^  is  determined 
mainly  by  the  diffusion  coefficient  of  oxygen  D,  which,  as 
already  stated,  increases  approximately  1.5-fold  in  the  temperature  range  under  consideration. 


On  the  other  hand,  the  Henry  coefficient  H  decreases  with  rise  of  temperature.  When  oxygen  is  dissolved 
in  water,  the  value  of  H  decreases  approximately  1.5-fold  in  the  20  —  55*  range.  Therefore,  with  all  the  factors 
taken  into  account, the  rate  of  oxygen  absorption,  and  therefore  the  total  oxidation  rate,  should  increase  with 
temperature. 


By  Henry's  law.  increase  of  the  oxygen  partial  pressure  in  the  gas  results  in  an  increase  of  the  dissolved 
oxygen  concentration  in  the  liquid.  Since  the  rate  of  the  chemical  reaction  is  a  function  uf  the  concentrations 
both  of  sulfite  —  bisulfite,  +1150^'  dissolved  (but  not  yet  reacted)  oxygen,  Cq  ,  increase  of  the 

the  concentration  of  the  latter  should  in  general  increase  the  over-all  rate  of  the  process.  However,  the  case  in 
which  the  chemical  reaction  is  very  slow  and  controls  the  over-all  oxidation  rate  must  be  distinguished  here.  In 
this  case  increase  of  the  oxygen  partial  pressure  in  the  gas  and  corresponding  increase  of  Cq  should  not  lead  to 
any  significant  change  in  the  oxidation  rate  of  the  solution. 

Since  the  concentration  of  dissolved  oxygen  at  any  given  instant  is  unknown,  and  the  relationship  between 
the  rate  of  chemical  reaction  and  the  diffusion  rate  is  also  unknown,  the  rate  of  the  oxidation  process  cannot  be 
calculated,  but  must  be  determined  experimentally  in  each  instance. 


EXPERIMENTAL 

As  in  the  preceding  investigation  [1],  the  influence  of  temperamre  on  the  oxidation  rate  was  studied  by  a 
static  method,  in  which  samples  of  solution  in  open  vessels  were  oxidized  by  oxygen  of  the  surrounding  air.  The 
static  method,  which  takes  much  time,  gives  more  reliable  and  reproducible  results  than  the  dynamic  method. 
The  reason  is  that  in  the  static  method  the  phase  contact  area  remains  strictly  constant,  and  diffusion  processes 
in  the  liquid  phase  occur  freely,  without  external  influences.  In  contrast,  in  the  dynamic  method  the  nature  and 
area  of  the  gas  —  liquid  interface  vary  with  the  experimental  conditions,  and  in  particular  with  the  temperature 
of  the  liquid.  For  example,  ammonium  sulfite  —  bisulfite  solution  froths  considerably  more  at  low  than  at  higher 
temperatures  when  air  is  passed  through  it;  this  is  due  to  changes  in  the  solution  viscosity  and  surface  tension  with 
changes  of  temperature.  As  this  results  in  different  interfacial  areas,  it  may  lead  to  totally  erroneous  conclusions 
concerning  the  influence  of  a  particular  factor,  in  this  instance  the  temperature,  on  the  rate  of  the  process  in 
question. 

Vessels  with  duplicate  samples  of  solution  were  kept  at  room  temperature  and  in  a  thermostat  at  50*  respec¬ 
tively.  The  partial  pressure  of  oxygen  remained  constant,  while  the  solution  compositions  were  so  chosen  that 
the  changes  of  composition  as  the  result  of  oxidation  and  the  simultaneous  desorption  of  SO2  and  NH3  were  as 
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Comparative  Experiments  on  Oxidation  of  Ammonium  Sulfite  ~  Bisulfite  Solutions  in  Air  at  22  and  50 
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TABLE  2 


Oxidation  of  Ammonium  Sulfite  “*  Bisulfite  Solutions  in  Air  at  80*  Heating  Time  140  Hours 
in  All  Experiments  (F vessel Vsolution  =  200  ml) 


magiRMaii 

s/c 

aver¬ 
age  for 
experi¬ 
ment 

Type  of  solution 

Solution 

sample 

CO 

M 

0 

V) 

CtJ 

1  ® 

0) 

D? 

2i 

is 

d 

SC 

ss 

+6 

sc£ 

S4- 

s/c 

Gqj  rate  of 
oxygen  ab- 
■  sorption 
j(g/  m*»hour) 

Artificially 

prepared 


Liquor  from 
sulfur  re¬ 
covery  unit 


Initial 

■'1.98 

8.11 

1..58 

0.28 

0.815 

Final 

3.81 

4.67 

2.41 

0.34 

0.774 

0.795 

4.6,5 

Initial 

8.25 

6.80 

0.20 

0 

0.920 

Final 

4.15 

5.25 

1.02 

0.04 

0.791 

0.855 

4.60 

Initial 

5.51 

6.12 

1.43 

0.26 

0.900 

Final 

3.49 

4.45 

2.38 

0.29 

0.787 

0.842 

5.35 

Initial 

2.93 

3.47 

2.12 

0.21 

0.845 

Final 

1.81 

2.32 

2.62 

0.33 

0.783 

0.814 

2.80 

Initial 

3..58 

3.71 

2.28 

0.22 

0.960 

Final 

1.98 

2.56 

2.98 

0.31 

0.765 

0.862 

3.95 

TABLE  3 

Effect  of  Oxygen  Concentration  in  the  Gas  on  the  Oxidation  Rate  of  Ammonium  Sulfite  “ 
Bisulfite  (experimental  temp>erature  20“,  volume  of  solution  in  vessels  50  ml,  gas  rate  400 
cc/minute) 


small  as  possible.  To  maintain  the  s/c  ratio,*’  which  has  an  appreciable  influence  on  the  oxidation  rate  [1],  at 
a  constant  level,  small  amounts  of  SO2  or  NH^  were  added  to  the  solutions  as  necessary. 

The  results  are  given  in  Table  1,  The  oxidation  rate  was  found  from  the  increase  of  the  ammonium  sul¬ 
fate  present  in  solution,  and  v/as  calculated  as  the  equivalent  rate  of  oxygen  absorption  Gq^  (in  g/m*«hour). 


•  The  s/c  or  S02/l^H3  ratio  is  a  measure  of  the  relative  proportions  of  bisulfite  and  sulfite  in  solution.  When 
s/c  =  l,  the  solution  contains  bisulfite  onlyo 
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It  follows  from  Table  1  that  in  the  oxidation  of  a  pure  artificial 
solution,  free  from  ammonium  thiosulfate  and  trithionate,*  consistent 
results  were  obtained,  showing  that  the  rate  of  absorption  of  oxygen  by 
a  solution  of  the  given  composition  is  0.45  g/m**hour  at  22*,  and  0.95 
g/m^.hour  at  50*.  in  the  oxidation  of  liquor  from  a  sulfur  recovery 
unit,  which  contained  appreciable  amounts  of  thiosulfate  and  trithionate 
and  also  p-phenylenediamine  which  inhibits  their  catalytic  action,  con¬ 
sistent  results  were  also  obtained,  showing  that  Gq  is  0.25  g/m*»hour 
at  22*,  and  0.5  g/m*»hour  at  50*.  Thus,  in  both  cases  increase  of  tem¬ 
perature  from  22  to  50*  had  a  positive  effect,  in  agreement  with  theory, 
on  the  rate  of  oxygen  absorption. 

For  confirmation  of  this  result  over  a  wider  temperature  range, 
experiments  on  the  oxidation  of  solutions  at  80*  were  performed.  The 
results  are  presented  in  Table  2.  At  this  temperature  it  is  very  difficult 
to  keep  the  s/c  ratio  at  a  constant  level  owing  to  strong  desorption  of 
SOj  and  NH3,  and  here  we  can  speak  only  of  an  average  value  of  s/c 
for  the  duration  of  each  experiment. 

All  the  values  found  for  .  both  with  the  artificial  solution  and 
O2 

the  works  liquor,  are  logically  interrelated  but  the  essential  fact  is  that 
at  80*  the  oxidation  process  can  no  longer  be  separated  from  the  spon¬ 
taneous  decomposition  of  the  solution.  The  two  processes  occur  togeth¬ 
er,  and  the  thiosulfate  and  trithionate  formed  have  a  catalytic  effect  in 
causing  additional  oxidation  of  the  sulfite  “*  bisulfite  solution. 

It  is  clear  from  the  data  in  Table  2  that  Gq^  in  these  experiments 
increased  severalfold  in  comparison  with  the  values  obtained  at  50*. 

The  oxidation  rates  of  solutions  with  the  same  s/c  ratio  at  22,  50,  and  80*  are  compared  in  Fig.  1,  It 
follows  from  the  curves  in  Fig.  1  that  the  influence  of  temperature  on  the  oxidation  rate  is  much  more  compli¬ 
cated  than  the  literature  survey  indicates.  This  relationship  (at  temperatures  above  50*)  deviates  strongly  from 
linearity,  and  is  best  represented  by  an  equation  of  the  form 

1/"  =  I  ^'0,l22"  +  (3) 

The  constant  coefficients  of  t  and  t*  are: 
for  the  artifical  solution 


Fig.  2.  Effect  of  partial  pressure 
of  oxygen  in  the  gas  on  the  oxi¬ 
dation  rate  of  ammonium  sul¬ 
fite  ~  bisulfite  solutions: 

A)  concentration  of  (NH4)2S04 
(moles/liter),  B)  oxygen  content 
of  gas  C’lo).  Initial  concen¬ 
tration  of  solution  (moles/liter): 
1)  5.98,  2)  2.16. 


a  =  -0.0565,  b  =  0.0013. 


for  the  works  liquor 


a  =  -0.0400.  b  =  0.0009. 


Thus,  if  the  oxidation  rate  of  a  particular  solution  is  known  at  any  one  temperature,  the  curves  in  Fig,  1 
can  be  used  to  find  its  oxidation  rate  at  any  other  temperature  if  all  the  other  process  conditions  remain  un¬ 
changed. 

The  influence  of  oxygen  concentration  in  the  gas  on  the  oxidation  rate  of  ammonium  sulfite  “  bisulfite 
solutions  was  studied  by  a  dynamic  method  since  the  static  method  is  by  its  nature  inapplicable  for  this  purpose. 
To  avoid  the  errors  inherent  in  the  dynamic  method,  all  possible  measures  were  taken  to  ensure  an  equal  contact 
area  in  each  reaction  vessel.  The  vessel  dimensions,  solution  volumes,  amounts  of  gas  passed,  size  of  the  gas 
bubbles,  temperature,  and  other  experimental  conditions  were  the  same  for  all  the  vessels,  and  remained  strictly 
constant  during  each  experiment.  Only  the  composition  of  the  incoming  gas  mixture  was  varied. 


•  These  impurities  are  formed  by  spontaneous  decomposition  of  bisulfite,  and  they  have  a  catalytic  effect  on  the 
oxidation  process. 
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Gas  mixtures  of  the  required  composition  were  prepared  by  measurement  and  mixing  of  oxygen  and  nitro¬ 
gen  from  cylinders  in  definite  proportions.  For  convenience,  the  following  four  gas  mixtures  were  made: 


^  02 

%  N. 

12.5 

and 

87.5 

25 

and 

75 

50 

and 

50 

100 

and 

0 

The  oxygen  concentration  of  the  mixtures  was  varied  over  a  considerably  wider  range  than  that  correspond¬ 
ing  to  the  usual  oxygen  contents  of  industrial  gases.  This  was  necessary  in  order  to  establish  a  more  general  re¬ 
lationship,  within  the  limits  of  which  it  would  be  possible  to  determine  more  precisely  the  influence  of  oxygen 
concentration  on  oxidation  in  the  narrow  region  with  which  we  were  concerned. 

The  results  of  these  experiments  are  presented  in  Table  3, 

Increase  of  the  ammonium  sulfate  concentration  in  each  vessel  can  serve  as  a  measure  of  the  oxidation 
rate  in  these  experiments.  The  value  of  GQ^fin  g/m*»hour)  cannot  be  found,  as  the  phase-contact  area  in  the 
reaction  vessel  is  not  known. 

As  is  seen  in  Table  3,  two  original  solutions  were  oxidized:  with  a  high  and  a  low  concentration  of  am¬ 
monium  sulfite  —  bisulfite  (C  =  5.98  moles/liter  and  2.16  moles/liter  respectively).  These  concentrations  were 
chosen  because  they  lie  on  either  side  of  the  optimum  concentration  at  which  the  oxidation  proceeds  at  the 
highest  rate.  We  showed  earlier  [1]  that  there  is  an  optimum  concentration  of  ammonium  sulfite  —  bisulfite 
(C~3  moles/liter)  above  and  below  which  the  oxidation  rate  falls  continuously.  At  higher  sulfite  —  bisulfite 
concentrations  the  rate  of  the  chemical  reaction  is  high,  but  the  over-all  oxidation  process  is  limited  by  access 
of  oxygen,  the  solubility  of  which  falls  with  increase  of  the  salt  concentration.  In  the  region  of  low  sulfite  — 
bisulfate  concentrations  the  rate  of  the  process  begins  to  be  determined  by  the  rate  of  the  chemical  reaction,  and 
access  of  oxygen  is  no  longer  decisive. 

This  is  additionally  confirmed  by  the  data  in  Table  3.  In  the  oxidation  of  Solution  No,  1,  when  the  pro¬ 
cess  is  limited  by  the  rate  of  oxygen  access,  increase  of  the  oxygen  concentration  in  the  gas  produced  an  appre¬ 
ciable  and  almost  directly  proportional  increase  of  the  ammonium  sulfate  concentration  in  solution.  In  the  oxi¬ 
dation  of  Solution  No.  2,  when  the  rate  of  the  chemical  reaction  is  the  determining  factor.  Increase  of  the  oxy¬ 
gen  concentration  in  the  gas  had,  on  the  whole,  only  a  slight  effect,  although  the  increase  of  the  ammonium  sul¬ 
fate  content  was  still  proportional  to  it.  These  results  are  presented  graphically  in  Fig.  2. 

From  the  results  of  these  experiments  it  may  be  concluded  that  increase  of  the  partial  pressure  of  oxygen 
in  the  gas  always  results  in  an  increase  in  the  oxidation  rate  of  sulfite  —  bisulfite  solutions. 

Accordingly,  in  the  extraction  of  SO2  from  dilute  waste  gases  from  nonferrous  metallurgical  processes  the 
oxidation  of  the  absorbent  solution  should  be  greater  (approximately  double)  than  oxidation  in  the  extraction  of 
SOj  from  power-station  flue  gases,  under  the  same  conditions.  However,  the  oxidation  rate  may  differ  in  ac¬ 
cordance  with  the  concentration  of  the  ammonium  sulfite  —  bisulfite  soluticm,  being  at  a  minimum  with  the  use 
of  highly  concentrated  or  very  dilute  solutions. 

SUMMARY 

1.  The  effects  of  temperature  and  partial  pressure  of  oxygen  in  the  gas  on  the  oxidation  rate  of  ammonium 
sulfite  —  bisulfite  solutions  used  for  extraction  of  SO2  from  industrial  gases  were  studied,  and  an  empirical  rela¬ 
tionship  was  derived  which  can  be  used  for  determination  of  the  oxidation  rate  of  the  solution  at  any  given  tem¬ 
perature  if  the  oxidation  rate  of  this  solution  at  any  other  temperature  is  known. 

2.  It  is  shown  that  increase  of  the  oxygen  partial  pressure  in  the  gas  increases  the  oxidation  of  the  solu¬ 
tion.  However,  the  increase  of  the  ammonium  sulfate  concentration  may  be  greater  or  less;  this  depends  on 
whether  the  oxidation  process  is  determined  by  the  access  of  oxygen  to  the  liquid  phase  or  the  rate  of  the  chem¬ 
ical  reaction  between  sulfite  —  bisulfite  and  dissolved  oxygen. 
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EQUILIBRIUM  OF  CARBON  WITH  LIQUID  ALLOYS  OF 
Fe.  Mn,  Si,  and  C 

M.  S.  Petrushevskii  and  P.  V.  Gel’d 


It  is  known  that  silicon  considerably  lowers  the  solubility  of  carbon  in  its  alloys  with  iron,  chromium,  and 
certain  other  metals.  This  is  equally  true  of  both  solid  and  liquid  systems.  The  influence  of  silicon  on  the 
activity  coefficient  of  carbon  in  the  system  Fe  “  Si  ~  c  has  been  studied  in  considerable  detail.  Far  fewer  data 
(mainly  on  melts)  are  available  on  alloys  of  Cr,  Si,  and  C.  Information  on  manganese  alloys  is  extremely  scanty, 
and  relates  mainly  to  certain  technological  samples.  Nevertheless  the  technology  of  smelting  of  silicon  —  man¬ 
ganese  alloy  and  of  a  number  of  other  alloys  with  high  manganese  contents  requires  the  determination  of  rela¬ 
tionships  characterizing  the  thermodynamic  properties  of  the  carbon  present  in  them. 

These  considerations  prompted  the  present  investigation,  which  had  a  limited  objective  ”  determination 
of  the  solubility  of  carbon  in  manganese  and  its  alloys  with  iron  and  silicon  at  1460*. 

The  starting  materials  were  Armco  iron,  electrolytic  manganese,  and  technical  silicon  (~98.5‘7o  Si). 

The  solubility  of  carbon  in  alloys  of  different  composition  was  determined  as  follows. 

A  weighed  sample  of  the  materials  (about  200  g)  was  put  in  a  graphite  crucible  (internal  diameter  50  mm, 
height  90  mm)  heated  in  Kryptol  furnace.  To  avoid  oxidation,  the  crucible  and  furnace  were  carefully  closed, 
while  during  the  control  experiments  purified  argon  was  passed  into  the  heated  portion  of  the  apparatus.  The 
temperature  was  measured  by  means  of  an  optical  pyrometer.  Samples  of  the  melt  were  sucked  into  quartz  tubes. 
They  were  analyzed  for  carbon  in  the  Strohlein  apparatus;  the  silicon  and  manganese  contents  were  determined 
by  usual  methods  of  chemical  analysis. 

In  order  to  determine  the  time  required  for  saturation  of  alloys  with  carbon,  preliminary  kinetic  investiga¬ 
tions  v/ere  performed  in  which  samples  of  metal  were  taken  in  the  course  of  the  process.  It  is  clear  from  Fig.  1 
(Curves  1,  2)  that  saturation  of  pure  metals  (Mn  and  Fe)  with  carbon  is  fairly  rapid,  and  is  complete  after  about 
20  minutes.  The  time  is  approximately  the  same  for  silicon  alloys.  As  Fig.  1  shows,  if  manganese  is  added  to 
fused  silicon  (Curve  3),  the  equilibrium  concentration  of  carbon  in  the  alloy  (  ~14‘7o  Si,  ~83°Jo  Mn,  ~3‘7o  C)  is 
reached  after  about  16  minutes.  Much  longer  time  is  required  to  reach  equilibrium  if  silicon  is  added  to  a  pre¬ 
viously  melted  metal,  saturated  with  carbon  (Fig.  1,  Curve  4).  In  this  case  the  time  required  for  removal  of 
excess  carbon  is  40  —  50  minutes.  Moreover,  there  is  then  an  increased  risk  that  a  suspension  of  carbon  (or  SiC) 
particles  may  be  formed  and  lead  to  erroneous  results.  Therefore  all  the  subsequent  experiments  were  performed 
by  similtaneous  fusion  of  the  charge  containing  silicon  and  its  saturation  with  carbon  during  about  40  minutes. 

The  partial  system  Fe  ~  Si  ~  C.  It  has  long  been  known  that  the  properties  of  carbon  dissolved  in  iron  de¬ 
pend  considerably  on  the  concentration  of  silieon  in  the  alloy.  The  ternary  system  Fe  “  Si  *-  C  has  therefore 
been  snidied  by  a  number  of  investigators;  this  work  (up  to  1936)  is  reviewed  in  the  monograph  by  Greiner,  Marsh, 
and  Stoughton  [1].  It  has  been  found  tliat  silicon  considerably  increases  the  activity  coefficient  of  carbon,  i.e., 
it  lowers  its  solubility.  The  system  Fe  Si  “  C  was  studied  in  greater  detail  by  Smith  [2],  who  determined  the 
thermodynamic  characteristics  of  carbon  at  1000®  both  in  ferrite  and  in  austenite.  Samarin  and  Shvartsman  [3] 
put  forward  the  semi  empirical  formula 
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Fig.  1.  Solution  kinetics  of  carbon  in  iron, 
manganese,  and  manganese  —  silicon  al¬ 
loys  at  1460“; 

A)  carbon  content  (wt.^),  B)  time  (minutes); 
1)  Mn,  C;  2)  Fe,C;  3.  4)  Mn.  C.  Si. 
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Fig.  2.  Solubility  of  carbon  in  iron  “  silicon 
alloys  at  1460“; 

A)  carbon  content  (wt.^o),  B)  Ng..  C)  log  N^, 
D)  silicon  content  (wt.^);  1,2)  from  the  re¬ 
sults  of  this  study;  3)  from  Chipman's  data [9]. 


which  gives  fair  agreement  with  experimental  data,  for  cal¬ 
culation  of  the  activity  coefficient  of  carbon.  However, 
there  is  a  systematic  discrepancy  (y^^pt  ^  ^calc  ^ 

experimental  results  and  the  values  given  by  this  formula; 
in  the  authors'  opinion  this  indicates  that  the  silicon  atoms 
not  only  displace  carbon  from  the  interstices,  but  are  elec¬ 
trostatically  repelled  by  carbon  atoms. 

Decrease  of  the  solubility  of  carbon  with  increasing 
silicon  concentration  is  observed  not  only  in  austenite,  but 
also  in  liquid  alloys.  This  is  shown  by  numerous  early  ob¬ 
servations  [4  —  7]  and  by  the  results  of  more  thorough  in¬ 
vestigations  [8,  9],  The  most  reliable  data  are  probably 
those  of  Chipman  and  Fulton  [9];  according  to  their  results, 
the  presence  of,  say,  10%  of  silicon  lowers  the  solubility  of 
carbon  in  Fe  “  Si  “*  C  alloys  to  2.2%  (at  1460“). 

To  test  the  method  chosen  for  the  investigation,  and 
to  obtain  experimental  data  on  this  most  important  system, 
we  measured  the  solubility  of  carbon  in  alloys  of  Fe,  Si,  and 
C  containing  from  0.02  to  49.72%  Si  (at  1460“).  The  results 
are  plotted  in  Fig.  2.  For  comparison,  interpolated  data 
from  the  paper  by  Chipman  and  Fulton  [9]  are  also  shown; 
it  is  seen  that  the  agreement  is  not  bad.  It  is  true  that  for 
low-silicon  alloys  our  values  for  the  solubility  of  carbon  are 
roughly  0,1  —  0.15%  lower  than  those  found  by  Chipman. 

Experimental  data  on  the  solubility  of  carbon  in  melts 
containing  Fe,  Si,  and  C  at  1460*  can  be  satisfactorily  rep¬ 
resented  by  the  empirical  equation 

1r  /vf:'''  =  -0.70  —  LM5/Vj„  —  2.25/V^i. 

The  activity  coefficient  of  carbon  can  easily  be  cal¬ 
culated  if,  for  example,  we  assume  for  saturated 

solution  of  carbon  in  pure  iron  (log  N^®  =  “0,70),  Value 
gives 
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Fig.  3.  Solubility  of  carbon  in  manganese  “ 
silicon  alloys  at  1460“; 

A)  carbon  content  (wt.%),  B)  Ngj,  C)  log  N^, 
D)  silicon  content  (wt.%). 


=  2.15A'o,  +  2.25A|,. 


These  expressions  are  in  fair  agreement  with  the  results  of 
other  authors  [8], 

The  partial  system  Mn  ~~  Si  ~  C.  As  far  as  we  know, 
there  are  no  systematic  data  on  the  influence  of  silicon  on 
the  solubility  of  carbon  in  alloys  of  Mn,  Si,  and  C. 

The  results  of  our  determinations  are  given  in  Fig,  3. 
These  results  are  confirmed  to  some  extent  by  comparison 
of  our  data  for  pure  manganese  with  literature  data.  Ac¬ 
cording  to  our  results,  the  solubility  of  carbon  in  manganese 
at  1460“  is  7.62%  (experiments  in  an  argon  atmosphere). 

Tlris  is  in  satisfactory  agreement  with  values  found  by  extra- 


Fig.  4,  Effects  of  silicon  (and  manganese) 
on  the  activity  coefficient  of  carbon  in  Fe  “ 
Si  —  C  and  Mn  —  Si  “  C  (and  also  Fe  •“  Mn  — 
C)  alloys  at  1460"; 

Alloys:  1)  Fe  -  Mn  -  C  (y  =  1),  2)  Mn - 
Si  -  C  (yj^  =  l).  3)  Fe  -  Si  -  C(yFe  =  i). 


polation  of  Chipman  and  Thomson's  results  [9]  for  iron  — 
manganese  alloys  (consistent  results  to  ~  65*70  Mn)  to  pure 
manganese.  This  value  is  about  7.58%  C  for  1460*.  A  some¬ 
what  higher  value  (7.82%  C)  was  found  by  Turkdogan  et  al. 

[10] .  The  discrepancies  between  the  results  are  small,  and 
are  within  the  permissible  error  limits. 

Data  for  Mn  —  Si  —  c  alloys  in  the  high  silicon  region 
are  in  fair  agreement  with  the  results  of  Esin  and  Vatolin 

[11] .  At  low  silicon  concentrations  (<  12%  Si)  their  solu¬ 
bility  values  are  somewhat  lower  than  those  found  in  the 
present  study. 

As  in  the  case  of  Fe  —  Si  —  C  alloys,  silicon  lowers 
the  solubility  of  carbon  considerably  in  this  system.  The 
data  plotted  in  Fig.  3  can  be  satisfactorily  represented  by 
the  empirical  equation 

Ig  =  —0.56  —  0.8A*s,  — 


valid  at  1460“. 


For  estimation  of  the  influence  of  silicon  on  the  ther¬ 
modynamic  characteristics  of  dissolved  carbon,  we  may  as¬ 
sume  tliat  y^  =  l  for  the  binary  system  Mn  — C. 


Since  at  1460* 


Ig  =  —0.56,  therefore 

Ig  =.  Ig  --MfTsT  =  t 

For  illustration  of  the  effect  on  the  activity  coefficient  of  carbon  in  Fe  “  Si  “*  C  and  Mn  —  Si  “  C  alloys. 
Fig.  4  shows  the  relationships  between  log  Si  apj  jt  is  seen  that  the  action  of  silicon  is  of  the  same 

type  in  both  systems.  When  the  silicon  content  is  such  that  Ngj  <  0.45  the  activity  coefficient  of  carbon  is  high¬ 
er  in  Fe  —  Si  ■“  C  alloys.  Conversely,  at  higher  silicon  concentraticMis  the  latter  has  a  greater  effect  on  the  acti¬ 
vity  of  carbon  in  the  Mn  —  Si  C  system.  It  should  be  pointed  out,  however,  that  conclusions  based  on  data  for 
high-silicon  alloys  with  low  concentrations  of  carbon  (0.02  —  0,10%)  require  further  confirmation.  This  is  large¬ 
ly  due  to  the  insufficient  accuracy  of  determination  of  small  amounts  of  carbon  in  the  alloys,  and  also  to  the 
possibility  of  relatively  large  errors  caused  by  the  presence  of  suspended  carbon  particles. 

Since  it  is  intended  to  consider  the  characteristics  of  carbon  in  the  quaternary  system  Fe  —  Mn  —  Si  — C. 
it  is  also  desirable  to  express  the  activity  of  carbon  in  Mn  —  Si  —  C  alloys  on  the  assumption  that  In  this 

case  it  is  evident  that 


Mn.  SI 


N 


Mil,  Si 
C 


-O.l/i  +  0.8A^^i  4 


The  partial  system  Fe  —  Mn  —  C.  The  effects  of  manganese  on  the  solubility  and  activity  of  carbon  in 
iron  —  manganese  alloys  at  1000“  was  studied  by  Smith  [2]  and  several  others.  They  showed  that,  in  contrast  to 
silicon,  manganese  decreases  the  activity  coefficient  of  carbon  in  solid  solutions.  It  has  a  similar  effect  at  high¬ 
er  temperatures,  at  which  Fe  —  Mn  —  C  alloys  become  liquid.  It  must  be  pointed  out  that  literature  data [7, 9, 11] 
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Fig.  5.  Solubility  of  carbon  in  iron  “  man¬ 
ganese  alloys  at  1460*: 

A)  carbon  content  (wt.^),  B)  iron  content 
(wt.‘7o),  c)  carbon  content  (wt.‘7o),  D)  man¬ 
ganese  content  (wt.'^^);  1)  from  Chipman’s 
data  [9];  2,3)  from  our  data. 


on  the  solubility  of  carbon  in  liquid  alloys  were  not  in  good 
agreement;  additional  determinations  were  therefore  advis¬ 
able.  Investigations  were  accordingly  performed  with  a  large 
number  of  alloys,  in  which  the  iron  and  manganese  concen¬ 
trations  were  varied  within  wide  limits  (up  to 

The  results  of  determinations  at  1460*  are  given  in 
Fig.  5.  It  is  clear  from  Fig.  5  that  the  solubility  of  carbon 
increases  linearly  with  the  manganese  concentration  in  the 
alloy,  and  can  be  represented  with  sufficient  accuracy  by 
the  equations* 


1%  Clpe,  Mn  =  5.10  +  0.0265  (o/o  Mn), 
yyFe,  Mn  ^  Q  203  +  0.1  =  0.276  — 

The  latter  equation  can  be  used  for  finding  the  effect 
of  the  composition  of  liquid  Fe  —  Mn  “  C  alloys  on  the  acti¬ 
vity  coefficient  of  carbon.  Assuming,  as  before,  that  7^®“! 

for  a  solution  of  carbon  in  liquid  iron  (i.e.,  we 

C  VJ 


^Fc,  Mn 
IC 


j^rt.  Mn  • 


Since,  further,  0.203,  it  follows  that 

Fe.  Mn _ _ \ _  . 

-0.203  i-0.1A^„„-  1  +0.492yVM„* 


Fig.  6.  Effects  of  silicon  and  of  Npg  : 
ratio  on  the  solubility  of  carbon  in  Fe  — 

Si  -C  alloys  at  1460*; 

A)  carbon  content  (wt.®^),  B)  Ngj,  C)  log  N^, 
D)  silicon  content  (wt.'Vo). 


in^Fe. 

Resolving  this  last  expression  into  a  Taylor  series  for  powers 
of  a  small  quantity  (0.492  Nj^)  we  have 


In  Mn  =  -0.492yVM„  +  0.121  -  0.0396/v3,„  +  .  .  . 

Ignoring  terms  containing  higher  powers  of  the  manganese  concentration,  and  converting  to  common  logarithms, 
we  have 


•g7c 


Fe.  Mn 


— 0.214A’ 


Mn 


or 


Ig  =  -0.700  —  0.214Af„„. 

•  Here  and  subsequently  the  expressions  in  square  brackets  represent  concentrations  in  weight  percentages. 
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Si 


C 

Fig.  7.  Parametric  graph  with  [7o  C]  =  const,  for  the  solubility  of  carbon  in 
Fe  ~  Mn  “  Si  alloys  at  1460*  on  the  assumption  that  [%  Fe]4{*!7o  Mn]+{^  Si]  = 
10O7o; 

A)  silicon  content  B)  manganese  content  (wt.'Vo),  C)  iron  content 

(wt.'/o);  the  different  points  correspond  to  variations  of  carbon  content  from 
0.10  to  l.bio. 


Although  these  last  equations  are  approximate,  they  can  be  used  for  rough  calculations  of  the  activity  coefficients 
of  carbon  in  Fe  “  Mn  ~  Si  alloys  at  1460".  This  is  confirmed,  in  particular,  by  the  good  agreement  with  experi¬ 
mental  data  (Fig.  4). 

It  should  be  noted  that  the  above  values  for  the  solubility  of  carbon  are  in  fair  agreement  with  the  data  of 
Chipman  and  Thomson  [9],  shown  in  Fig.  5  for  comparison.  It  is  seen  that  the  discrepancy  between  the  values 
for  alloys  containing  up  to  65*70  Mn  does  not  exceed  0.1  —  0.15*70.  At  higher  manganese  concentrations  the  data 
of  Chipman  and  Thomson  have  poor  reproducibility  and  show  considerable  scattering.  Moreover,  our  results  con¬ 
firm  the  conclusion  of  Turkgodan  and  Leake  [12]  that  the  influence  of  manganese  in  this  system  may  be  charac¬ 
terized  by  the  linear  expression 


In  view  of  the  large  number  of  experiments,  the  adequate  purity  of  the  materials,  and  of  the  results  of  con¬ 
trol  experiments  in  an  argon  atmosphere,  it  may  be  assumed  that  the  above  data  represent  the  effect  of  concen¬ 
tration  on  the  solubility  of  carbon  in  iron“  manganese  alloys  to  an  accuracy  of  the  order  of  ±0.1*70  C. 

The  quaternary  system  Fe  ~~  Mn  ~~  Si  C.  Studies  of  ternary  and  quaternary  alloys  show  that  the  solubility 
of  carbon  in  them  falls  rapidly  with  increase  of  silicon  content.  Therefore  only  alloys  in  which  the  silicon  con¬ 
centration  did  not  exceed  50  wt.‘7o  were  studied.  Some  of  the  results  are  presented  in  Fig.  6.  It  should  be  noted 
that  the  curves  in  Fig.  6  are  approximate,  as  during  the  smeltings  the  initial  concentration  ratios  of  iron  to  man¬ 
ganese  in  the  alloys  varied  a  little.  However,  the  experimental  data  indicate  that  the  slight  fluctuations  (of  Np^. 
NMn)  relatively  little  effect  on  the  carbon  solubility.  Therefore  this  family  of  curves  can  be  regarded,  with- 
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Si 


Fig,  8.  Curves  representing  equal  activity  coefficients  of  carbon  in  the  qua¬ 
ternary  system  Fe  “  Mn  “  Si  C  (saturated  at  1460*);  the  different  points 
correspond  to  changes  of  from  0.70  to  200. 


out  significant  error  (in  any  event,  not  greater  than  the  error  in  plotting  of  the  graphs),  as  sections  of  the  solu¬ 
bility  surface  of  carbon  in  the  quaternary  system  Fe  ■“  Mn  “  Si  “  C  by  planes  with  (Np^:  const.  Further, 

Nc- 

because  of  the  relatively  small  changes  of  with  the  curves  in  Fig.  6  can  be  used  for  finding  easily,  by 

^Mn 

interpolation,  the  carbon  concentration  in  saturated  Fe  “  Mn  “  Si  “  C  alloys. 

Investigations  of  the  system  Fe  “  Mn  “  C  and  of  a  number  of  quaternary  alloys  also  showed  that  replace¬ 
ment  of  iron  by  manganese  leads  to  an  almost  linear  variation  of  carbon  solubility.  Therefore  the  carbon  content 
of  a  saturated  4-component  alloy  can  be  determined  by  the  rule  of  mixtures: 


1%  F.«I  1%  ClKe.  S,  1%  Mn|  (%  ('Ahn.  si 
(  ’^0  ClMn,  Fr.  Si  -  [o/^  jv]  t-  1"/,,  Mn ]  '  '{%  Fo)  +  I'Vo  Mn]  • 

where  [%  C]j^  P^  gj*,  \°Jo  C]pg  [°lo  Clj^  gj  are  the  solubilities  of  carbon  (in  yn,1o)  in  Mn  “  Fe  “  Si,  Fe  “* 

Si,  and  Mn  “*  Si  alloys  respectively,  with  a  fixed  silicon  concentration. 

The  solubilities  of  carbon  in  binary  alloys  at  1460*  are  conveniently  found  either  from  the  graphs  given 
earlier,  or  from  the  interpolation  formulas 

iR  l%ClFe.  Si  =0.7  (%Sil, 

’P  l"/o  Si  1%  Sil  -  0.0010|o/o  SiJ^ 

The  plotting  of  quaternary  solubility  diagrams  involves  certain  difficulties.  Itlstherefore  convenient  to 
represent  the  determination  results  in  the  form  of  paramet eric  graphs  (p7°  C]=  const.),  the  alloy  composition 
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being  recalculated  on  the  assumption  that  the  sum  of  its  iron,  manganese,  and  silicon  contents  is  lOO^o.  it  is 
evident  that 


(%‘lr  —  i(H»_  [J/od  ’ 


where  pfci]j.  and  are  the  recalculated  and  true  contents  of  the  alloy  components. 

The  results  of  such  calculations  are  presented  in  Fig.  7.  It  is  seen  that  the  solubility  of  carbon  varies  al¬ 
most  linearly  with  changes  of  the  ratio  Fe]:[%  Mn].  Low-silicon  alloys  are  the  most  sensitive  to  replacement 
of  iron  by  manganese.  The  effect  of  manganese  on  the  solubility  of  carbon  decreases  with  increasing  silicon  con¬ 
tent,  and  at  \°h  Si] >30^  the  isoconcentration  lines  become  almost  parallel  to  the  (Mn,  Fe)  base  of  the  triangle. 

It  should  be  noted  that  the  activity  coefficient  of  carbon  varies  similarly  with  composition  (Fig.  8). 

The  fact  that  silicon  has  a  greatet  influence  on  the  solubility  of  carbon  in  Fe  ""  Si  ~  C  than  in  Mn  —  Si  “ 

C  alloys  can  probably  be  ascribed  to  differences  in  the  degree  of  microheterogeneity  of  the  melts.  Indeed,  it  is 
clear  both  from  thermochemical  data  [13]  and  the  structure  of  phase. diagrams  for  the  systems  Mn  —  Si  and  Fe  — 

Si  [14]  that  the  bonds  between  Fe  and  Si  atoms  are  more  stable  than  between  Mn  and  Si  atoms.  If,  moreover,  it 
is  taken  into  account  that  the  bond  energy  between  carbon  and  manganese  atoms  is  considerably  greater  than  be¬ 
tween  carbon  and  iron  [13],  the  cause  of  the  higher  microheterogeneity  in  Fe  —  Si  —  C  alloys  as  compared  with 
Mn  —  Si  —  C  alloys  becomes  evident.  It  follows  directly  from  this  that  silicon  has  the  greater  influence  on  the 
activity  coefficient  of  carbon  in  iron  *"  silicon  alloys,  at  least  at  not  excessively  high  concentrations,  when  changes 
in  the  coordination  of  the  atoms  may  be  disregarded. 

In  particular,  this  is  consistent  with  the  views  of  Pearson  and  Turkdogan  [15],  according  to  whom  the  mu¬ 
tual  activity  decrease  of  the  components  of  a  melt  becomes  more  pronounced  as  the  decrease  of  free  energy  re¬ 
sulting  from  their  interaction  becomes  greater.  It  may  be  noted  that  in  the  formation  of  soluticms  of  different 
concentrations  the  ratio  of  the  values  of  AF.j  may  in  the  first  approximation  be  estimated  from  the  heat  effect  of 
the  process  AH  .j. 

The  same  qualitative  results  are  derived  more  rigorously,  for  example  by  the  theory  of  strictly  regular  solu¬ 
tions  [16],  in  the  zero  approximation  of  which 


In^i  — /Vj, 

where  OJ  is  an  energy  characteristic  of  the  system  which  determines  the  difference  between  the  potential  energy 
of  interaction  of  two  pairs  on  unlike  particles  (ij)  in  the  solution,  and  the  potential  energy  of  (ii)  and  (jj)  pairs. 

Therefore  the  decrease  of  the  activity  coefficient  of  carbon  in  its  alloys  with  iron  on  addition  of  manga¬ 
nese  is  due  to  strengthening  of  the  C~*  Me  bonds,  as  ^  ^^Fe  C'  increase  of  the  solubility  of  carbon 
with  increased  manganese  content  in  the  alloys  is  a  direct  consequence  of  this.  Here,  as  in  a  number  of  other 
systems  [15,  17,  18]  there  is  a  linear  relationship  between  log  and  silicon  concentration. 

The  increase  of  the  activity  coefficients  of  carbon  and  the  decrease  of  its  solubility  on  addition  of  silicon 
to  alloys  are  due  to  strengthening  of  the  bonds  between  the  metal  and  metalloid  particles,  i.e.,  formation  of  cy- 
botactical  groups,  enriched  with  Me,  Si  on  the  one  hand  and  with  Me,  C  on  the  other,  since  Si^^Me,  C* 

As  the  replacement  of  small  amounts  of  iron  by  manganese  has  a  relatively  weak  effect  on  the  thermody” 
namic  properties  of  carbon,  it  may  be  assumed  that  the  above  considerations  are  also  relevant  to  discussion  of  the 
qualitative  characteristics  of  the  quaternary  system  Fe  •“  Mn  —  Si  “*  C.  In  this  case,  however,  it  is  necessary  to 
take  into  account  the  possible  formation  of  more  diverse  cybotactical  groups,  which  may  arise,  for  example,  by 
increase  of  the  bond  energy  between  silicon  and  iron  atoms  in  the  one  hand,  and  between  carbon  and  manganese 
atoms  on  the  other. 
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It  is  for  this  reason  that  the  influence  of  manganese  on  the  solubility  of  carbon  is  fairly  pronounced  only 
in  low-silicon  alloys.  In  such  systems  silicon  atoms  are  present  mainly  in  pairs  with  iron  atoms.  Particles  of 
Fe,  Mn,  and  C  accumulate  in  adjoining  regions.  In  view  of  the  above-mentioned  inequality  ^  ^^Fe  C 

the  activity  coefficient  of  carbon  decreases  with  increase  of  manganese  content  in  the  alloy,  i.e.,  with  increased 
strengthening  of  the  bonds  between  the  carbon  particles  and  the  metal.  Increase  of  the  silicon  content  of  the 
alloy  first  changes  the  composition  of  the  cybotactical  groups  (a  decrease  of  the  content  of  iron  atoms  in  regions 
rich  in  carbon),  and  then  leads  to  almost  complete  bonding  of  iron  and  manganese  atoms  in  the  form  of  dynamic 
groupings,  analogs  of  the  monosilicides.  Under  such  conditions  the  formation  of  carbon-rich  cybotactical  groups 
becomes  improbable,  and  the  solubility  of  carbon  becomes  only  slightly  sensitive  to  changes  of  the  NpeJ  ra¬ 
tio,  thus, the  isoconcentration  curves  in  Fig.  7  become  virtually  parallel  to  the  (Mn,  Fe)  base  of  the  triangle. 

In  conclusion,  we  must  again  point  out  that  the  above  data,  according  to  which  gj>  g.  (  at  high 

silicon  concentrations),  require  further  verification.  It  is  quite  possible  that  this  result  was  the  consequence  of 
insufficient  accuracy  in  determinations  of  the  solubility  of  carbon  in  high-silicon  alloys.  Otherwise  it  would  be 
necessary  to  take  into  account  changes  in  the  coordination  of  the  atoms,  and  other  characteristics  of  concen¬ 
trated  solutions,  to  explain  this  inequality. 


SUMMARY 

1,  The  solubility  of  carbon  in  binary  Fe  —  Si  and  Mn  —  Si  alloys  at  1460*  was  studied  and  it  was  found 
that  the  activity  coefficient  of  carbon  increases  with  increase  of  silicon  concentration,  more  rapidly  in  the  first 
system  than  in  the  second.  In  Mn  — Fe  alloys  increase  of  manganese  concentration  leads  to  a  slight  decrease  of 


2.  Studies  of  the  solubility  of  carbon  in  Fe  —  Mn  —  Si  alloys  showed  that  the  activity  coefficient  of  carbon 
increases  with  the  silicon  content  in  this  system  also.  Replacement  of  Fe  by  Mn  (most  sensitive  at  low  Ngj)  leads 
to  an  almost  linear  decrease  of  the  activity  coefficient. 

3.  The  explanation  of  these  variations  of  y^  with  composition  is  that  the  bond  energy  of  silicon  is  higher 

with  iron  than  with  manganese,  whereas  the  reverse  is  true  for  carbon.  It  was  found  that  these  quantitative  re¬ 
lationships  can  be  approximately  represented  by  equations  which  follow  from  the  theory  of  strictly  regular  solu¬ 
tions. 
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GAS-PHASE  MASS-TRANSFER  COEFFICIENTS* 

G,  N.  Gasyuk,  A.  G.  Bol'shakov.  A.  V,  Kortnev, 
and  P.  Ya.  Krainii 
Odessa  Polytechnic  Institute 


Our  earlier  investigations  [1,  2]  confirm  the  results  of  studies  [3,  4]  which  suggest  that  gas  lifts  can  be  used 
as  highly  effective  absorption  equipment. 

In  an  earlier  paper  [1]  we  gave  the  results  of  an  investigation  of  the  dependence  of  the  liquid-phase  mass- 
transfer  coefficient  in  a  gas  lift  on  the  volumetric  liquid  rate  and  the  immersion  depth. 

If  the  dependence  of  the  gas- phase  mass-transfer  coefficient  on  the  volumetric  gas  rate  and  the  immersion 
depth  is  known,  the  absorption  efficiency  of  gas- lift  equipment  can  be  determined  more  fully.  Moreover,  if  the 
dependence  of  the  partial  mass-transfer  coefficients  on  the  principal  factors  is  known,  and  the  relationships  are 
presented  as  generalized  equations  in  criterial  form,  it  would  be  possible  to  perform  calculations  relating  to  ab¬ 
sorption  processes  in  gas  lifts  regardless  of  variations  of  the  gas-liquid  system. 

The  experimental  unit  described  previously  [1]  was  used  for  experimental  determination  of  gas-phase  mass- 
transfer  coefficients  in  a  gas  lift. 

The  gas-phase  mass-transfer  coefficients  were  determined  for  the  absorption  of  the  following  gases:  am¬ 
monia  from  air  “ammonia  mixture  by  water,  sulfur  dioxide  from  air  “  sulfur  dioxide  mixture  by  caustic  potash 
solutions,  and  sulfur  dioxide  from  air  “sulfur  dioxide  mixture  by  water. 

Preliminary  experiments  on  the  absorption  of  ammonia  by  water  showed  that  the  gas  and  liquid  phases 
always  reached  a  state  approaching  equilibrium,  with  wide  variations  of  the  gas  and  liquid  rates  (because  of  the 
high  efficiency  of  the  gas  lift  in  uniflow).  Therefore  this  system  could  not  be  used  for  determination  of  the  gas- 
phase  mass-transfer  coefficient. 

In  the  absorption  of  sulfur  dioxide  by  caustic  potash  solutions,  the  degree  of  absorption  reached  98  “  100% 
for  all  the  gas  and  liquid  rates  used,  and  therefore  satisfactory  results  could  not  be  obtained  with  this  system 
either. 

Since  we  did  not  succeed  in  determing  the  gas-phase  mass-transfer  coefficient  by  a  direct  method,  we 
used  the  system  sulfur  dioxide  “  air  “  water.  Sulfur  dioxide  is  a  gas  of  moderate  solubility,  and  therefore  the 
diffusion  resistances  in  the  gas  and  liquid  phases  are  comparable  in  magnitude.  Therefore  the  over-all  mass- 
transfer  coefficients  were  determined  in  this  case,  and  the  gas-phase  coefficients  were  then  calculated  from 
them. 


The  gas-phase  mass-transfer  coefficient  for  the  system  ammonia  “  water  was  determined  previously  by  a 
similar  method  [5]. 

Calculation  method.  The  over-all  mass-transfer  coefficient  was  calculated  from  the  equation 


^en'^ 


_ _ ‘ 

I  1  •  A/»  LrnS  -hour-atmos)  ’ 


(1) 
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where  G  is  the  quantity  of  gas  absorbed  (in  kg/hour),  Vj  is  the  volume  of  the  apparatus  (in  m*),  and  Ap  Is  the 

^  21V 

logarithmic  mean  difference  between  the  partial  pressures  at  the  apparatus  entry  and  exit  (in  atmos). 

The  amount  of  gas  absorbed  was  calculated  from  the  equation 


C  = 


60ro7/100(C|  —  Cg) 

1(KH»(11K)  — ci){UH)  — C2)LTu  J  • 


(2) 


where  vq  is  the  volume  of  inert  gas  entering  the  apparatus  at  the  experimental  temperature  and  760  mm  Hg 
(in  liters/minute);  Ci  and  Cj  are  the  ccxicentrations  of  the  absorbed  gas  at  the  entry  and  exit  of  the  apparatus, 
Pi  Pi 

where  Ci  =  —  100  and  0*  =  — 100;  y.  is  the  density  of  the  absorbed  gas  at  the  experimental  temperature  and 
P  P 

760  mm  Hg  (in  g/liter). 

The  logarithmic  mean  difference  of  the  partial  pressures  in  uniflow  was  found  from  the  equation 

Pi  —  {Pi  —  P') 


(3) 


^/’av  = 


P\ 


where  pi=  partial  pressure  of  the  absorbed  gas  at  the  entry  to  the  apparatus  (in  atmos);  p2  = 

c  D 

*7^  partial  pressure  (in  atmos)  of  the  absorbed  gas  at  the  exit  from  the  apparatus  (excess  gas  pressure 

at  the  exit  was  disregarded,  as  it  did  not  exceed  10  mm  HjOat  even  the  highest  gas  rates);  ps  is  the  barometric 
pressure  in  mm  Hg;  P4  is  the  gaseous  pressure  at  the  entry  to  the  apparatus,  in  mm  Hg;  p’  is  the  equilibrium  par¬ 
tial  pressure  of  the  soluble  gas,  corresponding  to  its  concentration  in  water  (in  atmos). 

The  equation 


_ 1_ _ _ 1 


(4) 


was  used  to  calculate,  from  the  value  found  for  the  over-all  coefficient,  the  gas-phase  coefficient 


u  •  -%en  ^ 
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(5) 


where  H  is  the  Henry  coefficient  (in  kg/ m^  •  atmos).  Since  the  system  silfur  dioxide  ■“  water  deviates  from  Henry' 
law  at  low  concentrations,  the  mean  integral  value  of  the  Henry  coefficient  was  calculated;  k^^a  is  the  liquid- 
phase  mass-transfer  coefficient  (in  hour"^). 

Tlie  liquid-phase  mass-transfer  coefficient  was  determined  from  our  criterial  equation  [1],  applied  to  the 
system  sulfur  dioxide  “  water  at  ReL<  1400  and  immersion  depth  2(P!o, 


'v-L  =  o.mmcf'  (/T^)'-'  (i)  (6) 

Dependence  of  the  gas-phase  mass-transfer  coefficient  on  the  volumetric  gas  rate  and  immersion  depth. 
Three  series  of  experiments,  at  20*  and  immersion  depths  of  10,  20,  and  307o,  were  performed  for  determination 
of  the  influence  of  the  gas  rate  and  immersion  depth  on  the  gas-phase  mass-transfer  coefficient. 

In  each  series  of  experiments  the  immersion  depth  was  kept  constant,  and  the  volumetric  gas  and  liquid 
rates  were  varied.  For  immersion  depth  of  lO^o  the  gas  rate  was  varied  approximately  4.2-fold  (from  4680  to 


Fig.  1.  Variation  of  the  gas- phase  mass- 
transfer  coefficient  with  the  volumetric  gas 
rate  (1,  2,  3)  and  with  the  immersion  depth 
(4): 

A)  mass-transfer  coefficient  k*10"3  (kg/m®» 
atmos'hour),  B)  volumetric  gas  rate  V*10“2 
(mVm**hour),  C)  immersion  depth  (%). 


mersion  depth  (4): 


A) 


Nu'q 


B)  Re^,  C)  immersion  depth 


19820  m®/m**hour);  at  20*70,  5.8-fold  (from  3150  to  18520 
m*/m**hour),  and  at  30%,  5.6-fold  (from  1900  to  10730 
m*/ m*  •  hour). 

The  results  are  plotted  in  Fig.  1  in  logarithmic 
coordinates. 

The  values  found  for  the  gas-phase  mass-transfer 
coefficients  fit  satisfactorily  on  straight  lines  for  k^a  = 
f  (V).  Line  1  represents  the  mass-transfer  coefficients  for 
30%  immersion,  Line  2,  for  20%  immersion,  and  Line  3, 
for  10%  immersion. 

The  relationship  between  the  mass-transfer  coeffi¬ 
cient  and  the  gas  rate  can  be  represented  by  the  following 
equation: 

=  a  .  F®  ”  (6) 

Line  4  in  Fig.  1  represents  variations  of  the  gas- 
phase  mass-transfer  coefficient  with  immersion  depth. 
This  relationship  can  be  expressed  as 

*^  =  6  .  A®-®®®.  (7) 

If  both  the  gas  rate  and  immersicxi  depth  are  taken 
into  account,  the  general  expression  for  the  mass-transfer 
coefficient  becomes 


.  n  oi  /  h  \0.906 

V  =  (20)  .  (8) 

where  V  is  the  volumetric  gas  rate  (mVm**hour),  and  h 
is  the  immersion  depth  (%). 

Analysis  of  experimental  data  by  means  of  the  simi- 
larity  theory.  The  experimental  data  were  analyzed,  in 
order  to  present  the  relationship  between  the  gas- phase 
mass-transfer  coefficient  and  its  determining  factors  in 
the  form  of  power  functions  of  dimensionless  criteria,  by 
Bol’shakov's  method  [6]: 


(9) 


where  Nu': 


'V;Tfa 


|/iv 


is  a  gas-phase  diffusion  criterion  of  the  Nusselt  type; 


the  Reynolds  number  for  the  gas; 


Pr'G 


istheFrandtl  diffusion  number  for  the  gas;  kg  is  the  gas-phase 


mass-transfer  coefficient  (kg*m  ‘houfatmos),  (Pi)av  is  the  average  partial  pressure  of  the  inert  gas  in  the  gas 
phase  (atmos);  is  the  coefficient  of  surface  tension  (in  kg/m);  is  the  density  of  the  liquid  (kg/m’);  is 
the  density  of  the  absorbed  component  (kg/m’);  is  the  density  of  the  gas  stream  (mg/m’);  tjq  is  the  coefficient 
of  viscosity  of  the  gas  stream  (kg/m* hour);  D(3  is  the  diffusion  coefficient  of  the  soluble  component  in  the  gas 
phase  (mVhour),  ^  is  the  virtual  gas  velocity  in  the  gas  lift  (in  m/hour),  and  d  is  the  diameter  of  the  gas  lift 
(m). 


The  effects  of  the  physical  properties  of  the  gas  and  of  the  temperature  on  the  gas-phase  mass-transfer 
coefficient  were  not  investigated  specially.  The  influence  of  the  physical  properties  of  the  gas-phase  on  the 
mass-transfer  coefficient  is  taken  into  account  by  the  introduction  of  the  Prandtl  diffusion  criterion  raised  to  the 
power  V3. 
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If  the  power  of  the  Prandtl  diffusion  criterion  is  taken  to  be  Vj,  we  have  a  dimensionless  equation  of  the 

form 

NuG=A.nf^{Pr^'l*.  (9a) 

For  determination  o^the  constant  A  and  the  index  £  in  this  equation,  the  values  of  Nu'q  Re^  (Pr  g 

were  calculated  for  each  series  of  experiments,  and  the  relationship  Nu’q  /(Pr*G)*/j  =  f  (Req  )  was  plotted  in 

logarithmic  coordinates  (Fig,  2).  Line  2  represents  values  of  Nu’^/fPr'G)  V3  at  30^o  immersion.  Line  3,  at  20*^ 
immersion,  and  Line  1,  at  10%  immersion. 

The  equation  for  these  lines  is  of  the  form 


=  A.Re 


0.87 

G 


(10) 


or 


(10a) 

Line  4  in  Fig.  2  represents  variations  of  Nu'q  with  immersion  depth.  The  equation  for  this  line  is 

B  (11) 

The  effects  of  gas  rate  and  immersion  depth  on  Nu’^  can  be  represented  by  the  following  general  equation: 

'V-i- "•032(1.2;”  •  •  di)"'””-  (12) 

SUMMARY 

A  general  equation  for  the  similarity  criteria,  for  calculation  of  the  gas-phase  mass-transfer  coefficient, 
was  derived: 

"“b=  O-OMn'b"  ( P'd"'  (air*” 


this  equation,  together  with  the  general  criterial  equations  for  calculation  of  the  liquid-phase  mass-transfer  co¬ 
efficients,  derived  earlier  [1]: 

for  Re^  <  1400 


for  Re^^  >  1400 


«“’l  =  6.6  .  IO-=  (A)”  ’, 


AfuJ^  =  246  . 
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can  be  used  for  calculations  relating  to  absorption  with  different  gas“  liquid  systems  in  gas-lift  equipment. 
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THE  SOLUTION  RATES  OF  METHANE  AND  NITROGEN 
HYDROGEN  MIXTURE  IN  CONDENSING  AMMONIA* 

V.  I.  Atroshchenko  and  N.  A.  Gavrya 
The  V,  I.  Lenin  Polytechnic  Institute,  Khar’kov 


Nitrogen  ~  hydrogen  mixture  made  by  gasification  of  low-grade  fuel  from  natural  gas  and  other  sources 
has  a  high  methane  content.  The  presence  of  methane  in  the  gas  mixture  entering  the  ammonia-synthesis  cycle 
leads  to  high  losses  of  nitrogen  —  hydrogen  mixmre  with  the  blow  gas,  and  hence  to  higher  ammonia  costs.  Losses 
of  nitrogen  —  hydrogen  mixmre  can  be  avoided  by  increase  of  the  methane  partial  pressure  in  the  gas  mixture 
circulating  in  the  ammonia-synthesis  system.  Most  of  the  methane  coming  in  with  fresh  gas  mixture  is  then  dis¬ 
solved  in  liquid  ammonia  and  is  removed  with  it  from  the  system.  The  amount  of  blow  gas  decreases  sharply. 
Because  of  the  decreased  partial  pressure  of  nitrogen  —  hydrogen  mixmre,  less  of  it  is  lost  by  solution  in  liquid 
ammonia. 

Several  investigators  have  studied  the  solubility  of  nitrogen  —  hydrogen  mixmre  and  methane  in  liquid 
ammonia.  According  to  Larson  and  Black  [1],  the  solubility  of  1:3  nitrogen  —  hydrogen  mixmre  is  more  than 
doubled  by  a  temperature  rise  of  50“.  The  effect  of  pressure  conforms  to  Henry's  law. 

Ipat'ev  and  Teodorovich  [2]  studied  the  solubility  of  hydrogen  in  liquid  ammonia  at  25*  and  pressures 
from  15  to  250  atmos.  Slight  deviations  from  Henry’s  law  were  observed, 

Wiebe  and  Tremearne  [3,  4]  and  Wiebe  and  Caddy  [5]  studied  the  solubility  of  hydrogen  and  nitrogen  in 
liquid  ammonia  over  wider  pressure  and  temperature  ranges. 

Bol'shakov  and  Lebedeva  [6]  studied  the  solubility  of  nitrogen  ~  methane  mixmre  (78.8*70  N2  + 21.2*7®  CH*) 
in  liquid  ammonia.  The  Krichevskii  —  Kazarnovskii  equation  [7]  was  used  to  calculate  the  solubility  of  pure 
methane  in  liquid  ammonia.  The  effects  of  pressure  and  temperature  on  the  solubility  were  determined. 

Valuable  data  on  the  solubility  of  1:3  nitrogen “ hydrogen  mixture  in  liquid  ammonia  at  hi^  pressures 
were  also  obtained  by  Bol'shakov  [8]. 

The  work  of  Krichevskii  [9]  and  Krichevskii  and  Kazarnovskii  [7]  is  of  great  theoretical  and  practical 
significance.  Their  equations  can  be  used  for  calculating  the  solubilities  of  the  components  of  a  gas  mixture 
in  liquids  at  high  pressures.  These  equations  were  used  to  calculate  the  solubilities  of  nitrogen  “hydrogen  mix¬ 
ture  and  metliane  in  liquid  ammonia  at  pressures  from  300  to  600  atmos  and  temperamres  of  25  and  40*. 

It  must  be  pointed  out,  however,  that  the  experimental  and  calculated  data  on  the  solubilities  of  the  com¬ 
ponents  of  gas  mixmres  in  liquid  ammonia  were  found  for  equilibrium  liquid  —  gas  systems.  The  experiments 
were  performed  by  the  static  method.  Equilibrium  was  attained  by  prolonged  contact,  lasting  hours  or  days,  be¬ 
tween  the  gas  and  liquid  ammonia  in  a  rocking  autoclave  or  in  an  autoclave  with  an  electromagnetic  stirrer.  In 
industrial  processes  for  ammonia  synthesis,  however,  the  components  of  the  gas  mixture  are  dissolved  continuously 
in  liquid  ammonia  during  condensation  and  separation  of  the  ammonia.  The  contact  time  of  the  gas  with  liquid 
ammonia  is  measured  in  seconds.  The  composition  of  the  gas  over  the  liquid  ammonia  remains  virtually  con¬ 
stant. 


•  This  paper  represents  a  part  of  the  dissertation  work  performed  by  N.  A.  Gavrya. 
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Fig.  1.  Diagram  of  experimental  unit: 

1)  pump.  2)  rubber  gas  holder,  3)  compressor,  4)  circulating  pump,  5)  filters,  6)  synthesis 
column,  7)  high-pressure  rheometer,  8)  condenser,  9)  separator,  10,  11)  aspirators. 

In  the  present  investigation  the  solution  rates  of  methane  and  nitrogen  —  hydrogen  mixture  in  condensing 
ammonia  were  studied  under  conditions  close  to  those  in  the  industrial  process:  pressure  300  atmos,  ammonia 
condensation  temperature  from  10  to  30*.  and  space  velocities  from  30,000  to  60,000  mVm*  of  catalyst  per  hour, 
corresponding  to  contact  times  from  40  to  20  seconds  between  gas  and  liquid. 

EXPERIMEN  TAL 

The  experiments  were  performed  in  a  large-scale  laboratory  unit  for  ammonia  synthesis,  operating  by  a 
circulation  scheme  (Fig.  1). 

Nitrogen  “*  hydrogen  mixture  was  made  by  decomposition  of  ammonia  and  then  purified  under  atmospheric 
pressure.  Methane  was  added  to  the  gas  mixture  in  a  wet  gas  holder.  Methane  of  Metilopol'  origin,  previously 
freed  from  oxygen,  was  used. 

The  gas  mixture  was  compressed  to  300  atmos  and  fed  into  the  unit.  The  fresh  and  circulating  gases  were 
freed  from  oil  and  dried  by  means  of  filters  packed  with  activated  charcoal,  silica  gel.  fused  alkali,  and  cotton 
wool.  The  synthesis  column  was  filled  with  100  cc  of  industrial  catalyst.  The  catalyst  was  reduced  by  pure  ni¬ 
trogen  “*  hydrogen  mixture  at  100  atmos  and  500®.  The  synthesized  mixture  was  condensed  in  a  coil  immersed 
in  a  thermostat.  A  double-action  pump  was  used  for  circulating  the  gas.  The  space  velocity  was  measured  by 
means  of  a  high-pressure  rheometer  with  an  induction  device. 

Samples  of  the  circulating  gas  were  taken  from  the  upper  part  of  the  separator  and  analyzed  for  ammonia, 
hydrogen,  nitrogen,  and  methane.  Samples  of  liquid  ammonia  were  taken  from  the  lower  part  of  the  separator 
and  analyzed  as  described  earlier.  The  VTI  apparatus  was  used  for  gas  analysis. 

The  temperature  of  the  medium  surrounding  the  separator  was  maintained  equal  to  the  condensation  tem¬ 
perature  by  thermostatic  control.  Before  samples  of  liquid  ammonia  were  taken,  the  separator  was  blown  through, 
and  freshly-formed  ammonia  was  taken  for  analysis.  Under  such  conditions  it  was  not  possible  for  methane,  ni¬ 
trogen,  and  hydrogen  to  pass  from  the  liquid  into  the  gas  phase,  or  from  the  gas  phase  into  the  liquid,  while  the 
liquid  ammonia  was  in  the  separator. 
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TABLE  1 

Amounts  of  Methane  Dissolved  in  Condensing  Ammonia  (cc  CH4  at  0*  and  760  mm  per  g  NHs) 
Pressure  300  Atmos.  Contact  Time  of  Gas  and  Liquid  Nl^  40  Seconds  (space  velocity  30,000 
m*/m*  catalyst  per  hour) 


TABLE  2 


Values  of  the  Coefficient  k  in  Equation  (1) 


Condensation  temperature  (*C) 

-10 

0 

10 

20 

25 

30 

Coefficient  k 

0.15 

0.19 

0.22 

0.256 

0.311 

0.357 

TABLE  3 

Amounts  of  Methane  Dissolved  in  Condensing  Ammonia  (cc  CH4  at  0“  and  760  mm  per  g  NHs) 
Pressure  300  Atmos,  Condensation  Temperature  0® 


Contact  time  t  of  gas  with  liquid  ammonia  (seconds),  and  space  velocity  V 
(ni3/m3  catalyst  per  hour) 


<  =  40,  V  = 

=  30000 

/  =  30,  V  = 

=  45000 

<  =  20,  V  : 

=  60000 

CH4  content  of 
circulating 
mixture  (fo) 

cc  CH4 
g  MHs 

CHi  content  of 
circulating 
mixture  (<^) 

CC  CFL 
g  NHs 

CHt  content  of 
circul{iting 
mixture  (t^) 

CC  CH4 

g  NHs 

2.86 

1 

1.5 

2.39 

0.78 

5.27 

1 

2.88 

8.1 

4.77 

7.21 

3.88 

6.7 

3.95 

12.3 

6.89 

11.0 

6.06 

11.99 

7.2 

1.5.86 

8.6 

13.4 

7.5 

19.0 

10.9 

19.4 

11.0 

17.25 

9.6 

20.01 

11.8 

23.6 

1.3.4 

20.1 

11.6 

22.5 

13.3 

25.6 

14.1 

_ 

_ 

_ 

27.4 

15.5 

— 

— 

— 

— 

RESULTS  AND  DISCUSSION 

It  follows  from  the  experimental  data  (Table  1  and  Fig.  2)  that  the  amount  of  metliane  dissolved  in  liquid 
ammonia  is  proportional  to  the  methane  content  of  the  circulating  mixture. 
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TA  BLE  4 


Amounts  of  Nitrogen  “  Hydrogen  Mixture  Dissolved  in  Liquid  Ammonia  (cc  of  Gas  at  0*  and 
760  mm  per  g  NH3X  Total  Pressure  300  Atmos 


Condensation  temperature  (*C) 

-10 

0 

10 

20 

25 

30 

Amount  of  nitrogen  “  hydrogen 
mixture 

18.75 

20.41 

22.46 

23.9 

24.35 

27.79 

A 


Fig.  2.  Variation  of  the  amount  of  methane  dis¬ 
solved  in  liquid  ammonia  with  the  methane  con¬ 
tent  of  the  circulating  mixture: 

A)  amount  of  methane  (in  cc  CH4  at  0*  and  760 
mm;  per  1  g  NH3),  B)  CH4  content  of  circulating 
mixture  (‘7o);  condensation  temperature  (*C): 

1)  -  10,  2)  0,  3)  10,  4)  20,  5)  25,  6)  30. 


This  can  be  expressed  as 

S  =  kp,  (1) 

where  S  is  the  amount  of  methane  dissolved  in  liquid 
ammonia  (in  cc  CH4  at  0“  and  760  mm  per  g  NH3);  k  is 
a  coefficient  which  depends  on  the  circulation  tempera¬ 
ture  (Table  2);  p  is  the  methane  partial  pressure  in  the 
circulating  gas,  in  atmos. 

The  amount  of  methane  dissolved  in  liquid  am¬ 
monia  increases  linearly  with  increase  of  the  condensa¬ 
tion  temperature  from  “10  to  +15*;  above  20*  the  solu¬ 
bility  of  methane  increases  sharply  (Fig.  3). 

It  follows  from  Table  3  and  Fig.  4  that  the  contact 
time  of  the  gas  with  liquid  ammonia  has  no  effect  on  the 
amount  of  methane  dissolved  in  liquid  ammonia  during 
its  condensation.  The  shortest  contact  time  of  the  gas 
with  liquid  ammonia  was  20  seconds  (at  a  space  velocity 
of  60,000  mVm®  catalyst  per  hour).  At  condensation 
temperature  25*  our  experimental  results  are  in  good 
agreement  with  calculated  data  for  equilibrium  in  the 
liquid  “  gas  system  (Figs.  3  and  4). 


The  foregoing  data  lead  to  the  conclusion  that  the 
solution  rate  of  methane  in  condensing  liquid  ammonia 

is  high.  The  contact  time  of  the  gas  with  liquid  ammonia  is  sufficient  for  equilibrium  to  be  established  between 
the  liquid  and  gas  phases  at  all  the  condensation  temperatures  and  space  velocities  studied.  In  industrial  am¬ 
monia-synthesis  systems  methane  dissolves  in  liquid  ammonia  mainly  at  the  instant  when  the  ammonia  passes 
from  the  gaseous  to  the  liquid  state.  The  area  of  contact  between  the  gas  and  liquid  ammonia  is  very  extensive 
at  that  instant. 


The  solubility  of  nitrogen  “  hydrogen  mixture  in  liquid  ammonia  was  found  from  the  amounts  of  nitrogen 
and  hydrogen  dissolved.  The  partial  pressures  of  nitrogen  and  hydrogen  in  the  circulating  mixture  varied  only 
slightly,  and  therefore  the  solubility  of  nitrogen  “  hydrogen  mixture  in  liquid  ammonia  was  determined  from  the 
average  solubilities  of  nitrogen  and  hydrogen  over  the  whole  experiment. 

The  average  experimental  data  on  the  amounts  of  nitrogen  “  hydrogen  mixture  dissolved  in  condensing 
ammonia  are  presented  in  Table  4. 

It  must  be  noted  that  the  contact  time  of  the  gas  with  liquid  ammonia  does  not  effect  the  amount  of  ni¬ 
trogen  “  hydrogen  mixture  dissolved  in  the  ammonia. 
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A 


♦ 


A 


Fig,  3.  Effect  of  ammonia  con¬ 
densation  temperature  on  the 
amount  of  methane  dissolved  in 
liquid  ammonia: 

A)  amount  of  methane  (in  cc  CH4 
at  0*  and  760  mm  per  g  NHs), 

B)  temperature  (*C);  contents  of 
methane  in  circulating  mixture 
0oy.  1)  5.  2)  10.  3)  15. 


8 


■oj 


■O^ 


—of 


30 


20 


Fig.  4.  Effect  of  contact  time  between  gas 
and  liquid  on  the  amount  of  methane  dis¬ 
solved  in  condensing  ammonia: 

A)  amount  of  methane  (in  cc  CH4  at  0*  and 
760  mm  per  g  Nl^),  B)  contact  time  (sec¬ 
onds):  methane  contents  in  circulating  mix¬ 
ture  (‘^):  1)  5.  2)  10.  3)  15.  4)  20. 


SUMMARY 

1.  The  solubility  of  methane  and  of  nitrogen  ”  hydrogen  mixture  in  liquid  ammonia  during  condensation 
and  separation  of  the  ammonia  was  studied;  it  was  found  that  the  amount  of  methane  dissolved  in  liquid  ammo¬ 
nia  is  proportional  to  its  partial  pressure  in  the  circulating  mixture.  The  proportionality  coefficients  were  cal¬ 
culated. 

2.  The  space  velocity  has  no  effect  on  the  amounts  of  methane  or  nitrogen  “•  hydrogen  mixture  dissolved 
in  condensing  ammonia.  The  contact  time  of  the  gas  with  liquid  ammonia  during  condensation  and  separation 
of  the  ammonia  is  sufficient  for  a  state  of  equilibrium  to  be  reached  between  the  liquid  and  gas  phases. 
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TECHNOLOGY  OF  THE  PRODUCTION  OF  IODINE  BY  AN 
ELECTROCHEMICAL  METHOD 


Ya.  I.  Gamzulov 


The  existing  methods  for  extraction  of  iodine  from  salt  solutions  or  oil-well  brines  [1  “  8]  are  compli¬ 
cated,  and  in  most  cases  require  the  use  of  valuable  chemicals. 

The  present  paper  deals  with  an  electrochemical  process  for  extraction  of  iodine  from  Iodine  solutions. 

The  process  can  be  used  for  extraction  of  iodine  in  presence  of  chlorides  and  other  salts. 

EXPERIMENTAL 

Design  and  operation  of  the  electrolytic  unit.  Our  problem  was  the  isolation  of  iodine  from  oil-well  brines 
containing  not  more  than  30  mg  of  iodide  per  liter. 

The  composition  of  brines  concentrated  by  the  adsorption  method*  and  then  treated  by  the  electrolytic 
process  is  given  in  Table  1. 

Laboratory  experiments  on  the  electrochemical  isolation  of  iodine  showed  that  in  absence  of  a  diaphragm 
the  iodine  liberated  at  the  carbon  anode  mixes  with  the  alkali  formed  at  the  cathode  before  it  can  settle  to  the 
bottom  of  the  vessel,  and  reacts  with  it  by  the  known  reaction  [6] 


6KOII +312  ->•  KlOg-f  KI.  (1) 

A  rational  method  for  preventing  this  reaction  is  the  use  of  a  diaphragm  to  separate  the  cathode  and  anode  com¬ 
partments.  If  this  is  done,  the  necessary  degree  of  acidity  can  also  be  maintained  in  the  cathode  compartment. 

Diaphragms.  Clay  diaphragms  of  our  own  make,  consisting  of  beakers  of  the  required  size,  were  used. 

The  material  used  for  the  diaphragms  was  a  mixture  of  clay  with  Atterberg  plasticity  number  20-28  (60  —  70%), 
sand  with  grains  <0.01  mm  (40  —  30%),  and  sawdust.  The  clay  beakers  were  dried  in  air  and  fired  in  kilns;  the 
fired  wares  were  adequately  microporous. 

The  clay  diaphragms  were  serviceable  for  about  a  year.  After  a  year  they  gradually  disintegrated,  usually 
from  the  top  end. 

Electrolytic  tanks.  It  was  found  that  ordinary  birch  or  pine  boards  are  quite  suitable  for  the  construction 
of  electrolytic  tanks  (Fig.  1)  up  to  700  liters  in  capacity,  provided  that  the  moismre  content  of  the  wood  does 
not  exceed  8  “  10%  and  that  the  boards  are  free  from  knots.  The  tank  joints  are  luted  with  water  glass.  The 
side  walls  of  the  tank  are  tightened  by  means  of  iron  bolts.  The  assembled  tanks  are  treated  with  steam  until 
the  moisture  content  of  the  wood  has  risen  to  30  —  40%.  Treatment  of  the  tank  walls  with  water  is  not  recom¬ 
mended,  as  water  leaches  out  the  soluble  water  glass  from  the  joints.  After  the  steam  treatment  the  joints  do 
not  leak  even  if  the  density  of  the  electrolyte  is  1.40.  The  use  of  lacquers,  asphalt,  or  Mendeleev's  grease  for 
covering  parts  of  the  tank  is  not  recommended,  as  these  substances  gradually  enter  the  electrolyte  and  strongly 
contaminate  the  product. 

The  electrodes  were  round,  made  of  carbon,  50  mm  in  diameter  and  800  mm  long.  Two  electrodes  were 
contained  in  each  diaphragm.  The  electrodes  were  used  for  two  years  without  any  sign  of  destruction,  and  were 

*  The  adsorbent  was  peat  from  sphagnum  moss,  packed  into  barrels  through  which  the  brines  were  passed.  After  the 
brines  had  been  passed  through  10- 12  such  barrels  the  iodideconcentrationin  the  water  fell  from  30  to  1  mg/liter.  The 
peat  was  ashed  and  leached. 
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Fig.  1,  Electrolytic  tank. 


A 


Fig.  2,  Current  density  “  voltage  curves: 

A)  current  density  (ma/cm*),B)  voltage  (v);  compositicMi  of  solu¬ 
tions  (in  g-equiv/liter):  1)  CaClj  7.28,  KI  0,0714,  HCl  0,10; 

2)  NaCl  2.32,  KI  0.025,  HCl  0.10;  3)  Kl  0.0512,  HCl  0.10. 


unchanged  in  appearance  at  the  end  of  that  time.  This  result  is  noteworthy,  as  it  shows  a  radical  difference  be¬ 
tween  the  behavior  of  amorphous-carbon  and  graphite  electrodes  in  acid  media,  and  in  the  electrolysis  of  sodium 
chloride  brines  in  alkaline  media.  Ordinary  domestic  carbons,  not  impregnated,  proved  very  resistant  in  our  ex¬ 
periments;  this  shows  that  the  existing  concepts  of  the  destruction  mechanism  of  carbon  and  graphite  electrodes 
during  electrolysis  of  sodium  chloride  in  aqueous  solutions  [9,  10]  cannot  be  regarded  as  fully  substantiated. 

Electrode  connections.  The  carbon  electrodes  were  connected  in  pairs.  The  paired  electrodes  were  held 
in  wooden  planks  which  were  clamped  by  iron  bolts.  Copper  conductors  50  mm  in  diameter  were  attached  along 
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the  wooden  planks.  Each  electrode  pair  was  connected  to  the  copper  conductor.  The  upper  ends  of  the  carbon 
electrodes  were  coppered.* 

The  central  electrode,  which  acted  as  the  anode,  was  immersed  directly  in  the  electrolyte,  while  the  two 
side  electrodes,  the  cathodes,  were  placed  inside  the  clay  diaphragms. 

Two  cathodes  were  used  in  order  to  attain  a  more  complete  and  uniform  utilization  of  the  anode  surface. 

The  electrolyte.  The  electrolyte  was  a  solution  of  the  composition  given  in  Table  1,  acidified  with  hy¬ 
drochloric  acid  to  prevent  formation  of  free  alkali  in  the  cathode  space.  Technical  hydrochloric  acid  was  poured 
into  the  diaphragms  in  amounts  equivalent  to  the  iodine  content  of  the  electrolyte.  The  concentration  of  the 
hydrochloric  acid  was  about  S^o,  The  electrolyte  was  periodically  stirred  with  a  wooden  spatula  during  the  elec¬ 
trolysis.  10—15  minutes  after  the  end  of  electrolysis  the  iodine  settled  on  the  floor  of  the  tank;  the  electrolyte 
was  then  poured  off  and  the  product  was  scooped  out  in  wooden  ladles  and  dried  by  suction  under  vacuum  in  a 
ceramic  vessel. 

Selection  of  electrolysis  conditions.  For  selection  of  the  electrolysis  conditions,  we  determined  the  libera¬ 
tion  potentials  of  iodine  with  anodic  polarization  of  carbon  electrodes  in  the  systems 

CaClj  +  K1  +  Ha  and  Naa  +  K1  +  HQ.  (2) 

This  investigation  was  performed  in  the  Electrochemical  Laboratory  of  the  A.  A.  Zhdanov  State  University, 
Leningrad,  in  1948.  The  conditions  for  obtaining  the  optimum  iodine  yields  with  the  minimum  expenditure  of 
power  were  determined  from  the  results.  The  electrolyte  composition,  anode  material,  and  other  electrolysis 
conditions  were  similar  to  those  used  in  the  industrial  processes. 

The  polarization  measurements  were  performed  by  the  compensation  method  with  a  circuit  as  described 
by  Izgaryshev  [9]. 

The  standard  calomel  reference  electrode  had  a  bridge  immersed  in  a  beaker  containing  KCl,  which  was 
connected  by  a  second  bridge  to  a  beaker  with  a  solution  of  K1  +  NaCl  +  HCl;  this  prevented  iodine  liberated 
during  electrolysis  from  entering  the  standard  electrode. 

The  anodes  used  for  measurement  of  the  liberation  potential  of  iodine  were  carbon  electrodes  coated  with 

2 

paraffin  wax  at  the  top.  The  working  anode  area  was  12.8  cm  .  The  composition  of  the  electrolyte  was  403  g 
CaClj,  9.07  g  KI,  and  3.65  g  HCl  per  liter. 

Fig.  2  shows  the  polarization  curves,  which  are  somewliat  similar  to  the  usual  anodic  polarization  curves 
described  in  the  literature  for  other  systems  [11].  It  is  seen  that  none  of  tlie  solution  components  is  oxidized  up 
to  a  potential  of  0.5  v  (0.25  v  on  the  standard  hydrogen  scale).  At  0.8  v  (0.55  v  on  the  standard  hydrogen  scale) 
noticeable  oxidation  occurs,  as  shown  by  the  increase  of  the  current  strength  required  to  maintain  the  potential. 
Appreciable  liberation  of  iodine  occurs  at  this  stage,  evidently  mainly  as  the  result  of  the  direct  anodic  reaction 
[2],  the  reversible  potential  of  which  under  standard  conditions  is  0.54  v  [13]; 

(2a) 


As  the  anode  polarization  increases,  the  direct  reaction  of  Kl  oxidation  passes  into  the  limiting  diffusion 
current  region  owing  to  the  low  iodine  concentration  in  solution,  and  proceeds  further  at  a  certain  constant  rate 
which  depends  on  the  diffusion  conditions  in  the  system.  The  explanation  of  the  increase  in  the  amount  of  io¬ 
dine  liberated  with  further  increase  of  anode  polarization  is  that  iodine  is  liberated  in  relatively  increasing 
amounts  as  the  result  of  a  secondary  reaction  of  type  (4),  which  is  due  to  the  appearance  in  the  solution  of  chlo¬ 
rine  liberated  at  the  anode: 


1 

Cr— Y  Cl  ,,  (3) 

Cl -f2r->2cr4- 1..  (4) 

•  Aluminum  leads  are  quite  unsuitable  for  connecting  the  electrodes,  as  they  are  rapidly  attacked  by  the  gaseous 
chlorine  and  iodine  liberated  from  the  electrolyte. 
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TABLE  1 


Composition  of  Concentrated  Brines 


Density  of 
brine 

Contents  of  salts  (g/liter) 

CaClj 

MgClj 

SrCl2 

NaCl 

NajS 

KI 

1.40 

400.0 

0.10 

Traces 

Traces 

3.05 

16.20 

1.36 

368.4 

0,30 

0,05 

11 

12.10 

1.180 

0.18 

0.85 

0.75 

239.2 

nil 

0.45 

1.10 

0.45 

0.91 

0.85 

1.38 

M 

0.25 

TABLE  2 

Current  Efficiencies  for  Iodine 


Anode 
area  (cm*) 

1 - 

Current  strength 
(amps) 

Iodine  con¬ 
tent  (g/liter) 

Elec¬ 

trolyte 

volume 

(liters) 

Iodine  con¬ 
tent  of  elec¬ 
trolyte  (kg) 

Time  theo¬ 
retically  re¬ 
quired  for  elec¬ 
trolysis  (hours) 

Time  actu¬ 
ally  taken 
for  electroly¬ 
sis  (hours) 

Current 

efficiency 

14220 

284.4 

8.5 

450 

3.82 

2.84 

3.54 

80.0 

15600 

312.0 

6.85 

460 

3.08 

2.08 

2.00 

80.0 

14800 

286.0 

5.4 

500 

2.70 

2.00 

2.52 

19,5 

23  000 

460.0 

12.5 

500 

6.25 

2.86 

3.56 

80.2 

18400 

368.0 

14.8 

500 

7.40 

4.24 

5.32 

80.00 

The  iodine  yield  continues  to  increase  without  appreciable  increase  in  the  liberation  of  molecular  chlo¬ 
rine  until  the  liberated  cltlorine  has  time  to  react  in  the  solution  with  the  iodine  ions  according  to  Reaction  (4). 

The  polarization  curves  show  that  at  a  potential  of  1.31  v  (1.06  v  on  the  standard  hydrogen  scale)  the  sys¬ 
tem  already  approaches  the  region  of  appreciable  oxidation  of  Cl',  although  the  reversible  potential  of  Reaction 
(3),  which  is  1.56  v  [12],  is  not  yet  reached.  Tlie  current,  which  has  the  density  0.031  amp/cm^at  this  potential, 
is  distributed  under  these  conditions  between  the  reactions  of  chlorine  and  iodide  oxidation  approximately  in 
proportion  to  their  concentrations  in  the  solution  at  the  anode  surface.  Violent  and  "useless"  liberation  of  gase¬ 
ous  chlorine  is  observed. 

It  is  clear  from  the  foregoing  that  the  problem  is  to  select  a  current  density  at  which,  for  a  given  electroly“ 
tic  cell,  the  ratio  of  the  1*  and  Cl'  concentrations  near  the  anode  is  such  that  all  the  chlorine  liberated  at  the 
anode  and  dissolved  in  the  electrolyte  can  be  utilized  in  displacement  of  iodine  by  a  reaction  of  type  (4).  It 
was  found  experimentally  tliat  this  optimum  current  density  for  the  conditions  described  is  0.016  —  0.020  amp/ 
cm^.  It  follows  from  the  polarization  curves  that  this  current  density  is  maintained  in  our  system  at  an  anode 
potential  of  1.1  —  1.2  v  (0.86“  0.95  v  on  the  standard  hydrogen  scale).  Under  these  electrolysis  conditions  the 
maximum  current  efficiencies  for  iodine  are  obtained,  while  liberation  of  chlorine  is  quite  slight. 

The  current  efficiencies  for  iodine,  obtained  in  the  large-scale  unit  described  above  under  the  chosen 
electrolysis  conditions,  are  presented  in  Table  2. 
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It  follows  from  Table  2  that  the  current  efficiency  was  close  to  80^  in  all  the  experiments.  From  the 
data  in  Table  2  it  can  be  calculated  that  under  the  chosen  electrolysis  conditions  the  energy  consumption  per 
kg  of  iodine  is  approximately  0.7  kw-hr.* 

Oxidation  of  iodine  to  iodate  in  an  acid  medium.  The  elemental  iodine  liberated  by  electrolysis  partially 
remains  in  solution  and  colors  the  electrolyte  brown.  According  to  Nekrasov  [13]  the  solubility  of  iodine  In  water 
is  300  mg/liter. 

If  electrolysis  is  continued  when  oxidation  of  iodide  is  complete  and  the  iodine  has  been  precipitated  to 
the  bottom  of  the  cell,  the  anode  voltage  being  raised  to  2,5  “  3,0  v  and  the  current  density  to  0.03  —  0,035 
amp/ cm*,  the  dissolved  iodine  begins  to  be  oxidized  to  HIOj,  As  the  dissolved  iodine  is  oxidized  to  HIOs,  more 
iodine  is  dissolved  from  the  precipitate,  and  the  process  continues  until  all  the  iodine  is  oxidized  to  iodate.  The 
solution  becomes  colorless  when  the  oxidation  is  complete.  Neither  free  iodine  nor  iodide  ions  can  be  detected 
in  the  colorless  electrolyte  by  analysis,  as  all  the  iodine  is  present  in  the  solution  in  the  form  of  iodate.  Thus, 
Izgaryshev’s  assertion  [9]  that  iodates  can  be  obtained  only  in  an  alkaline  medium  is  quite  erroneous. 

The  iodate  solution  can  be  used  for  oxidation  of  iodide  ions  to  molecular  iodine.  This  operation  was  per¬ 
formed  as  follows.  Iodine  was  completely  oxidized  to  HIO^  in  the  cell.  The  iodate  solution  was  poured  into  a 
tank,  and  calculated  amounts  of  acid  and  KI  solution  were  added.  Molecular  iodine  was  precipitated  according 
to  the  equation 

HIO3  +  5HI  =  3H2O  +  3I2.  (5) 

We  used  this  simple  method  with  great  success  for  isolation  of  iodine  from  iodide  solutions. 

It  may  be  pointed  out  that  the  oxidation  of  elemental  iodine  to  HIOj  during  electrolysis  in  an  acid  medi¬ 
um  has  not  been  previously  described  in  the  literature.  However,  the  reproducible  results  of  hundreds  of  our  ex¬ 
periments  on  tile  oxidation  of  iodine  to  HIO3  by  this  method  show  without  doubt  that  here  we  have  a  new  method 
for  the  electrolytic  oxidation  of  elemental  iodine  to  iodate  in  an  acid  medium. 

The  mechanism  of  anodic  oxidation  of  iodine  to  iodate  is  far  from  well  understood  at  the  present  time. 
However,  in  the  light  both  of  modern  and  of  earlier  concepts  of  anodic  processes  for  the  production  of  oxidizing 
agents  in  the  region  of  high  anode  potentials  [11,  14,  15],  it  seems  likely  that  the  principal  role  in  this  reaction 
is  played  by  active  peroxide  compounds  formed  at  the  anode,  or  by  direct  electrochemical  oxidation  of  iodine 
at  the  anode  surface.  There  is  no  doubt  that  detailed  study  of  this  anode  process  would  be  of  considerable  in¬ 
terest. 

It  must  be  added  that  the  method  described  above  for  oxidation  of  iodine  to  iodates  may  have  extensive 
practical  applications  in  industry,  as  it  is  a  simple  method  for  obtaining  a  substance  with  powerful  oxidizing 
properties. 


SUMMARY 

1.  A  simple  method  for  electrochemical  liberation  of  iodine  by  anodic  oxidation  of  iodide  ions  has  been 
developed.  The  method  has  the  following  distinctive  characteristics. 

a)  Wooden  electrolytic  tanks  are  used;  after  iodine  has  been  adsorbed  on  their  walls,  they  operate  with¬ 
out  absorbing  iodine. 

b)  Clay  diaphragms  are  used  to  separate  the  anode  and  cathode  compartments. 


•  The  power  consumption  is  estimated  as  follows.  Theoretically  26.8  amp-hr  is  required  for  liberation  of  1  g- 
equiv  (127  g)  of  iodine,  while  in  practice  33.6  amp-hr  is  required,  as  the  current  efficiency,  according  to  Table 
2,  is  80<^fc. 

The  measured  optimum  anode  voltage  is  1.2  v  at  current  density  0.015  “*  0.020  amp/cm*.  The  total  cell 
voltage  at  the  same  load  is  2.5  v. 

The  power  consumption  for  liberation  of  1  g-equiv  is  33.6x2.5  =  83.5  watt-hrs. 

83  5x1000 

The  power  consumption  for  liberation  of  1  kg  of  iodine  is — *  =660  watt-hrs  =  0.66  kw-hrs. 
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c)  Carbon  electrodes  without  any  Impregnation  are  used  (1  anode  and  2  cathodes  per  cell). 

d)  Elemental  iodine  is  liberated  from  solution  by  means  of  a  current  not  exceeding  0,02  amp  per  cm* 
of  anode  surface.  The  anode  voltage  is  about  1.2  v. 

e)  The  cathode  compartment  is  filled  with  hydrochloric  acid  in  an  amount  equivalent  to  the  amount  of 
iodide  to  be  oxidized.  The  electrolyte  acidity  is  maintained  at  the  required  level  by  means  of  the  hydrochloric 
acid. 

0  This  method  can  be  used  for  isolation  of  iodine  from  solutions  of  chlorides,  sulfides,  and  sulfates,  and 
from  oil-well  brines. 

g)  The  power  consumption  for  liberation  of  1  kg  of  iodine  is  about  0,7  kw-hr, 

2.  A  new  method  for  oxidation  of  elemental  iodine  to  iodate  in  an  acid  medium  has  been  developed. 
The  iodate  solution  can  be  used  for  quantitative  oxidation  of  iodide  to  elemental  iodine. 

3.  No  reagents  except  technical  hydrochloric  acid  are  required  for  either  of  the  two  electrochemical 
methods  “  the  isolation  of  elemental  iodine  from  iodide  solutions,  and  production  of  iodates  from  iodine  solu¬ 
tions. 
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GRAPHITIZED  ANODES  IN  THE  ELECTROLYSIS 
OF  AQUEOUS  CHLORIDE  SOLUTIONS 
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The  commonest  anode  material  for  electrolysis  of  chlorides,  as  in  the  production  of  chlorine  and  alkalies, 
is  artificial  graphite.  The  reason  is  that  graphite  conforms  most  closely  to  the  requirements  of  industrial  elec¬ 
trolysis  with  regard  to  anode  materials,  namely:  it  has  high  chemical  resistance,  low  overvoltage  in  the  elec¬ 
trode  process,  good  conductivity,  considerable  mechanical  strength,  and  is  relatively  cheap  [1].  However, 
graphite  is  not  an  absolutely  resistant  anode  material,  and  it  is  gradually  destroyed  in  use.  Thus,  in  chlorine 
production  the  service  life  of  graphite  anodes  is  about  one  year. 

Graphite  anodes  are  broken  down  by  the  chemical  action  of  active  oxygen  formed  at  the  anode  during 
electrolysis,  and  by  oxygen-containing  oxidizing  agents  such  as  hypochlorous  acid  (chemical  attack).  As  the 
result  of  chemical  attack  the  individual  graphite  grains  become  separated  from  each  other,  and  crumble  away, 
leading  to  "mechanical"  destruction  of  the  anode.  The  proportion  of  this  "mechanical"  destmction  in  the  total 
loss  of  anode  weight  during  use  may  be  from  10  —  20*^0  [2]  to  60  —  707o  [3],  according  to  the  type  of  graphite  and 
certain  other  factors. 

The  stability  of  anodes  in  electrolysis  depends  on  the  degree  of  graphitization  of  the  carbon.  Thus,  it 
was  observed  by  Foerster  [4]  that  electrodes  made  from  artificial  graphite  are  broken  down  much  less  than  char¬ 
coal  electrodes  under  the  same  conditions.  This  result  was  confirmed  by  other  authors  [5].  The  increase  of 
stability  with  degree  of  graphitization  is  the  result  of  growth  of  the  carbon  crystals,  accompanied  by  increase  in 
conductivity.  This  parallelism  in  the  variations  of  stability  and  conductivity  with  graphitization  of  carbonaceous 
materials  led  some  authors  to  consider  conductivity  to  be  a  measure  of  graphite  stability  [6].  In  some  cases 
this  view  is  justified;  for  example,  in  the  combustion  of  coke  [7]  or  electrodes  in  the  electric  arc  [8];  up  to  a 
point  it  is  valid  for  electrolysis. 

The  effects  of  technological  process  conditions  in  the  chlorine  cell  on  the  destruction  rate  of  graphite 
anodes  have  been  repeatedly  studied  by  numerous  investigators  [1  “4].  The  basic  relationships  have  been  es¬ 
tablished  as  the  result  of  this  work.  It  has  been  shown  that  the  destruction  rate  of  anodes  is  increased  by  increase 
of  temperamre,  decrease  of  electrolyte  concentration,  and  increase  of  alkali  concentration.  The  destmction 
rate  of  graphite,  relative  to  the  quantity  of  electricity  passed,  falls  somewhat  with  increase  of  current  density. 
Graphite  anodes  are  destroyed  much  more  rapidly  in  the  production  of  chlorates  than  of  chlorine.  Chemical 
destmction  of  graphite  by  hypochlorite  plays  an  important  part  here  [9]. 

Graphite  electrodes  are  porous  disperse  bodies  consisting  of  interconnected  fine  carbon  crystals.  In  the 
varieties  of  graphite  commonly  used  the  solid  material  occupies  about  70  —  80^  of  the  volume;  the  rest  of  the 
volume  consists  of  pores.  The  pore  structure  of  graphite  anodes  plays  a  definite  role  in  their  destruction  during 
electrolysis.  This  was  noted  by  Sproesser  [10],  who  considered  that  the  adverse  effect  of  electrolysis  within  the 
anode  pores  on  anode  stability  is  due  to  impoverishment  of  the  electrolyte  in  the  pores,  so  that  oxygen  is  pre¬ 
dominantly  evolved  there.  Zhivotinskii,  Lyubinskaya,  and  Slender  [1]  showed  that  electrolyte  circulates  con¬ 
tinuously  through  the  pores  of  a  working  graphite  anode:  the  solution  enters  the  electrode  through  the  smaller 
pores,  and  emerges  together  with  gas  formed  during  electrolysis  through  the  larger  pores.  As  a  result,  the  chlo¬ 
ride  concentration  is  only  slightly  lower  in  the  pores  of  a  working  electrode  than  in  the  anode  compartment  of 
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Fig.  1,  Apparatus  for  determination  of  pore 
convolution: 

1)  vessel,  2)  test  specimen,  3)  calomel  elec¬ 
trode,  4)  potentiometer. 
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the  cell,  and  therefore  the  harmful  effect  of  electrolysis 
within  the  pores  on  the  stability  of  graphite  anodes  is  not 
due  to  impoverishment  of  the  electrolyte. 

As  long  ago  as  1934  one  of  us,  jointly  with  Ioffe, 
Stroganov,  and  Zhivotinskii  [1],  gave  the  following  expla¬ 
nation  of  the  role  of  porosity  in  the  destruction  of  anodes. 

The  equilibrium  potential  of  oxygen  at  a  graphite  electrode 
in  the  electrolysis  of  chloride  solutions  is  lower  (more  neg¬ 
ative)  than  the  equilibrium  potential  of  chlorine,  but  the 
overvoltage  is  higher  for  oxygen  than  for  chlorine.  As  a 
result,  simultaneous  evolution  of  these  gases  is  possible. 

The  relative  proportions  of  chlorine  and  oxygen  depend  on 
the  electrode  potential  “  at  a  high  potential  chlorine  is 
predominantly  liberated;  at  a  low  potential,  close  to  the 
equilibrium  potential  of  chlorine,  the  relative  proportion  of 
liberated  oxygen  increases,  and  finally,  at  potentials  on 
the  negative  side  of  the  chlorine  potential,  oxygen  only  is 
liberated.  Direct  measurements  showed  that  the  potential 
of  a  working  graphite  electrode  falls  rapidly  from  the  sur¬ 
face  to  the  interior. 

The  values  of  the  potentials  of  a  graphite  anode  at 
different  distances  from  the  external  surface  are  given  in 
Table  1.  These  results  show  that  even  within  the  limits  of 
a  surface  layer  0.5-lmm  thick  the  potential  drops  sharply 
to  a  value  close  to  the  equilibrium  potential  of  chlorine. 
Thus,  at  a  high  potential  and  a  correspondingly  high  cur¬ 
rent  density  the  conditions  in  the  outer  layer  of  the  elec¬ 
trode  favor  predominant  liberation  of  chlorine.  In  the  elec¬ 
trode  pores  further  from  the  outer  layer  surface,  where  the 
process  takes  place  at  a  very  low  current  density,  the  rela¬ 
tive  proportion  of  the  current  consumed  in  liberation  of 
oxygen  and  oxidation  of  graphite  increases  at  the  low  poten¬ 
tial,  and  may  reach  100*70. 


Fig.  2.  Effects  of  frequency  on 
capacitive  1)  and  active  2)  re¬ 
sistance  of  a  graphite  electrode 
in  a  5  M  NaCl  +  0.016  M  HCl 
solution. 

A)  Resistance  (ohms' 

B)  frequency  (ui"  i)* 


cm^). 


The  irregular  distribution  of  potential  and  current 
within  a  graphite  anode  is  the  result  of  two  causes  polari¬ 
zation  of  the  outer  electrode  layers,  in  consequence  of  which 
the  discharge  process  extends  into  the  electrode  to  the  in¬ 
ner  surfaces  of  the  pores,  and  resistance  of  the  electrolyte 
in  the  pores,  which  limits  the  depth  to  which  this  process 
penetrates.  The  theory  of  porous-electrode  processes,  the 
main  points  of  which  are  published  elsewhere  [11,  12] 
shows  that  the  irregularity  of  current  distribution  within  a 
porous  electrode  increases  with  increase  of  the  inner  surface  of  the  electrode  and  with  increase  of  polarization. 
Conversely,  if  an  electrode  process  takes  place  at  the  electrode  material  with  a  high  overvoltage,  while  the  in¬ 
ner  surface  of  the  electrode  is  small  and  readily  accessible  to  the  current  because  of  the  large  pnsre  size  and 
high  conductivity  of  the  electrolyte,  the  current  is  distributed  more  uhiformly.  These  relationships  are  express¬ 
ed  by  the  following  formula,  which  connects  the  value  of  the  potential,  within  a  porous  electrode  at  a  dis¬ 
tance  X  from  the  outer  surface,  with  the  electrode  structure,  properties  of  the  electrolyte  and  kinetics  of  the 
electrode  process: 


fz  =  46  th'-^  [exp  (-X  j/-J— )  .  th  H  , 


(1) 


112 


TABLE  1 


Potential  of  a  Graphite  Electrode  at  Various  Distances  from  the  Surface 


Current 

Potential  at  a  distance  of  x  mm  from  the  external  anode  surface  (in  v) 

density  • 
(amps/m*) 

X  -r  0 

•T  =  0.5 

X  =.  1 

1 

X  =  2 

mgm 

lOU 

1.403 

1.361 

1.323 

2(K) 

1.445 

1 .370 

1.326 

1.325 

1.322 

1.322 

4(K) 

1.474 

1.379 

1.334 

1.336 

1.331 

1.329 

600 

1.'197 

1.388 

1.343 

1.343 

1.340 

1.334 

8lM) 

1.515 

1.394 

1.352 

1.352 

1.350 

1.343 

KOi) 

1.522 

1.4tX) 

1.359 

1.359 

1.356 

1.350 

1250 

1.548 

1.413 

1.370 

1.367 

1.363 

1.358 

where  <p^  is  the  polarization  of  the  outer  electrode  surface,  ^  is  the  constant  in  the  Tafel  equation,ig  is  the  ex¬ 
change  current  (in  amp/ cm*),  S  is  the  specific  surface  of  the  porous  electrode  (in  cmVcc),  and  p  is  the  resistance 
of  the  electrolyte  in  the  electrode  pores,  with  the  porosity  and  pore  convolution  taken  into  account. 

Analysis  of  Equation  (1)  shows  that  the  electrode  process  occurs  at  appreciable  current  density  in  an  outer 
electrode  layer  the  thickness  of  which  is  comparable  to 


(2) 


The  value  of  x^,  which  we  shall  call  "the  acting  electrode  thickness",  may  vary  over  a  very  wide  range  in 
accordance  with  the  properties  of  the  electrode  and  electrolyte  “  from  a  few  microns  (for  electrodes  with  a  strong¬ 
ly  developed  surface,  with  high  reversibility  of  the  electrode  process,and  high  electrolyte  resistance  in  the  pores) 
to  several  meters  (if  these  values  are  small).  In  the  former  case,  only  the  face  of  the  electrode  actually  operates, 
while  in  the  latter  the  internal  surface  is  utilized  uniformly.  The  value  of  the  coefficient  in  Equation  (2)  decreases 
with  increased  polari25ation; 


( mv)  .  .150  2(X)  300  4(X)  500  600  7(K) 

n .  4.3  4.0  3.5  2.8  2.1  1.4  0.8 

Participation  of  the  internal  surface  in  the  action  of  a  porous  electrode  influences  the  form  of  the  polariza¬ 
tion  curve. 

Whereas  with  smooth  electrodes  the  polarization  curves  for  many  processes  can  be  represented  more  or  less 
accurately  by  the  Tafel  equation,  the  relationship  between  polarization  and  current  density  for  porous  electrodes 
is  more  complex;  in  the  simplest  case  it  is  represented  by  the  formula 


<p„  =  26.h-‘/j/g3L.  (3) 

The  distinguishing  feature  of  polarization  curves  for  porous  electrodes  is  that  they  lie  lower  (the  polariza¬ 
tion  is  less)  than  curves  for  the  same  processes  on  smooth  electrodes,  but  their  slope  is  roughly  twice  as  great. 

A  certain  difficulty  arises  in  kinetic  studies  of  electrode  processes  on  graphite,  due  to  the  fact  that  graphite 
cannot  be  obtained  in  the  form  of  nonporous  monolithic  specimens,  or  single  crystals  large  enough  for  experimen¬ 
tal  purposes.  It  is  therefore  necessary  to  use  porous  electrodes,  so  that  it  is  impossible  to  eliminate  the  influences 
of  superposed  macrokinetic  factors  which  determine  the  participation  of  the  internal  electrode  surface  in  the 
electrode  process.  It  was  shown  in  our  investigations  [11,  13]  that  the  influence  of  macroscopic  factors  can  be 
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Fig.  3.  Charge  curve  of  graphite 
in  /(/>«,— Vat  coordinates: 
continuous  line  represents  the  theo¬ 
retical  curve;  circles  correspond  to 
experimental  points  for  a  =  9.7. 


Fig.  4.  Polarization  curve  for  graphite 
in  5  M  NaCl  +  0.016  M  HCl  solution  at 
20’; 

continuous  line  is  the  calculated  curve; 
black  and  white  circles  are  experimen¬ 
tal  points  for  two  specimens. 


taken  into  account  by  the  use  of  methods  based  on  studies  of 
nonequilibrium  polarization  processes  of  porous  electrodes. 
Thus,  the  increase  of  potential  of  a  porous  electrode  when  the 
current  is  switched  on  is  represented  by  the  equation 

«P<  = (v/^7),  (4) 


2i, 


where  C'  and  C  are  the  capacities  of  the  double  layer 

at  1  cm^  of  the  true  electrode  surface  and  on  all  the  tme  surface 
of  1  cc  of  a  porous  electrode  respectively;  C,  C  and  S  (the  speci¬ 
fic  surface)  are  interrelated:  C  =  C’S;  Iq  is  the  exchange  current 


(amps/cm^)$  (Z)=^|  c  ^'dy  is  the  "error  integral,"  and  t^ is 
0 

the  time  from  the  instant  the  polarization  current  J  is  switched 


on. 


This  equation  can  be  used  for  determining  such  charac¬ 
teristics  of  a  porous  electrode  as  the  exchange  current  and  speci¬ 
fic  surface  from  its  charge  curve.  The  discharge  curve  of  a  po¬ 
rous  electrode,  i.e.,  the  curve  showing  the  decrease  of  potential 
after  the  polarizing  current  is  switched  off,  can  be  used  for  the 
same  purpose.  The  equation  for  the  discharge  curve  is: 


T/ =  — ‘l>(Va<)].  (5) 

The  specific  surface  of  a  porous  electrode  can  also  be 
determined  by  the  method  of  alternating-current  polarization. 
In  the  simplest  case  the  specific  surface  is  calculated  from  the 
formula 


.9 


_P 


(6) 


j: 


(jj  is  the  angular  frequency  of  the  polarizing  current,  and  R  and 

are  the  active  and  capacity  resistance  of  the  electrode  res- 
wC 

pectively. 


Tlie  foregoing  principles  and  methods  were  used  in  our  investigation  of  the  aetion  of  graphite  anodes  in 
electrolysis  of  chloride  solutions. 


Method  of  Investigation  of ^ r aphitized  Anodes 

We  had  at  our  disposal  17  sorts  of  artificial  graphite  of  different  origin  and  stmcture,  including  Acheson 
anodes  (51  x  51  mm),  anodes  made  by  the  Dnepr  Electrode  Works  (51  x  51  mm),  samples  of  high-porosity  graphite 
made  by  the  Soyuzelektrod  Trust  (code  marks  SS,  FT,  and  Ts),  experimental  samples  differing  in  porosity,  made 
by  the  Chelyabinsk  Electrode  Works  (Chl^Z),  and  a  series  of  experimental  samples  differing  in  porosity,  made  at 
the  Dnepr  Electrode  Works  (DKhTI”  DEZ)  with  the  cooperation  of  the  staff  of  the  Electrochemical  Department 
of  the  Dnepropetrovsk  Institute  of  Chemical  Technology  [14].  The  principal  physical  characteristics  of  all  the 
electrodes  were  determined:  the  apparent  and  true  densities,  porosity,  pore  convolution,  and  specific  surface. 
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In  addition,  the  electrochemical  properties  of  the  graphites  were  studied  “the  polarization  curves  for  chlorine 
liberation  were  plotted,  and  the  exchange  current  and  activation  energy  of  the  process  were  determined. 

The  apparent  (d^)  and  true  (dj)  densities  and  volume  porosity  (g)  were  determined  by  the  usual  methods, 
described  in  detail  in  the  literature  [15  “  17]. 

Pore  convolution  was  determined  by  a  method  based  on  measurement  of  the  resistance  of  a  porous  electrode 
impregnated  with  electrolyte.  This  method  has  been  used  only  for  measurement  of  the  convolution  coefficient 
of  pores  in  nonconductivity  materials,  such  as  asbestos  diaphragms,  etc.  [15,  16,  18],  but  it  can  also  be  applied 
to  conducting  porous  systems.  Two  fundamental  conditions  must  be  satisfied:  1)  absence  of  chemical  reaction 
between  the  electrolyte  and  the  electrode  material,  and  2)  "absolute"  polarizability  of  the  electrode  over  a  cer¬ 
tain  potential  range.  If  a  porous  body  satisfying  these  conditions  is  placed  in  the  path  of  a  current  in  an  elec¬ 
trolyte,  then  at  low  current  strengths  it  is  more  "advantageous"  for  the  current  flow  through  the  electrolyte  in  the 
pores  rather  than  through  the  more  conducting  electrode,  as  the  latter  involves  the  surmounting  of  two  potential 
differences,  from  the  electrolyte  to  the  electrode  and  back  again. 

The  apparatus  used  for  measurement  of  pore  convolution  is  shown  in  Fig.  1.  It  consisted  of  two  vessels, 
between  which  was  clamped  a  cylindrical  test  electrode  specimen,  previously  impregnated  under  vacuum  with 
a  solution  of  known  conductivity.  The  external  current  was  supplied  with  the  aid  of  calomel  electrodes,  so  that 
the  composition  of  the  electrolyte  in  the  cell  should  remain  unchanged  during  the  passage  of  current.  The  poten¬ 
tial  drop  which  resulted  when  the  current  passed  through  the  electrode  pores  was  measured  by  means  of  a  poten¬ 
tiometer. 

The  coefficient  of  pore  convolution,  which  is  the  ratio  of  the  mean  pore  length  to  the  electrode  thickness, 
was  calculated  from  the  formula 


(7) 

where  6  is  the  coefficient  of  pore  convolution,  Pgj  is  the  resistivity  of  the  electrolyte  impregnating  the  electrode 
(found  experimentally),  and  g  is  the  volume  porosity  (in  fractions  of  unity). 

The  specific  surface  was  determined  by  nonequilibrium  polarization  methods”*  from  the  charge  curves  and 
with  the  use  of  alternating  current  [11].  The  method  used  for  determination  of  specific  surface  is  described  more 
fully  below. 

Polarization  curves  were  determined  by  the  usual  method.  The  measurement  cell  was  fitted  with  a  dia¬ 
phragm  separating  the  anode  and  cathode  spaces.  The  anode  compartment  contained  a  stirrer  which  agitated  the 
liquid  near  the  anode  surface  very  vigorously  (at  5000  revolutions/minute). 

The  method  used  for  studying  nonequilibrium  polarization  of  graphite  electrodes  is  described  in  detail  in 
an  earlier  paper  [13]. 

In  all  cases  the  specimens  were  graphite  cylinders  about  1  cm  in  diameter  and  5  •"  6  cm  long,  subjected 
to  previous  anodic  polarization  for  a  total  time  of  about  72  hours.  The  side  surfaces  of  the  specimens  were  in¬ 
sulated.  The  electrolyte  in  all  cases  was  5  M  NaCl  solution  containing  0.016  M  HCl. 

Analysis  of  the  experimental  data  is  illustrated  below  for  data  on  a  sample  of  Acheson  graphite,  determined 
by  nonequilibrium  polarization  methods. 

The  effects  of  frequency  on  the  capacity  and  resistance  of  the  electrode  are  shown  in  Fig.  2.  The  specific 
surface  can  be  approximately  calculated  from  these  data  by  means  of  Equation  (6).  However,  the  fact  that  a 
certain  part  of  the  electrode  is  more  accessible  to  the  current  than  the  inner  pore  surface  is  disregarded.  The 
current  reaches  this  (external)  electrode  surface  directly  from  the  electrolyte  volume  without  entering  the  pores. 

If  this  fact  is  taken  into  account  somewhat  more  complicated  formulas  are  obtained  for  the  inner  pore  sur¬ 
face 


S  = 


•o'/m:' 


(8) 
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and  for  the  external  surface 


■^ext  ■“  (...C  ~ 

Calculation  by  Formula  (8)  gives  S=  1.13 . 10*13*70  cmVcc,  where  C  is  taken  to  be  36  ;iF/cm*.  Calcu¬ 
lation  of  the  external  surface  by  Formula  (9)  gives  14  cmVcm\ 

The  data  obtained  in  the  determination  of  charge  and  discharge  curves  were  analyzed  as  follows.  The  os¬ 
cillogram  was  plotted  point  by  point  in  a  new  coordinate  system,  Vt  being  taken  along  the  abscissa  axis,  and  the 
ratio  '/’tl*i^(x»  '^here  is  the  steady  polarization,  along  the  ordinate  axis.  The  oscillogram  scale  along  the  ab¬ 
scissa  axis  was  varied  so  as  to  give  the  maximum  correspondence  of  the  experimental  points  with  the  plot  of  the 
function  4>(''^)  for  the  charge  curvesandofe^*[l  —  for  the  discharge  curves.  This  superposition  of  the 

experimental  points  on  the  theoretical  curve  for  Acheson  graphite  charged  at  6  ma/cm*  is  illustrated  in  Fig.  3. 
Agreement  is  obtained  at  a  =9.7.  The  specific  capacity  of  the  double  layer  can  then  be  determined.  For  ex¬ 
ample,  the  fifth  point  in  Fig.  3  corresponds  to  time  instant  t  =  23.4  •10"®  second,  polarization  =  23.6  •  lO"®  v, 

1^  =  0.476,  4>(i^)  =  0.499,  and  hence  Formula  (4)  gives  C=  0.426  F/cm*.  Assuming  that  C’=36  pF/cm^  we 
have  S=1.18*  10^  cmVcc,  which  is  fairly  close  to  the  value  found  by  the  alternating-current  polarization  method. 


The  value  found  for  a  can  be  used  for  determining  the  exchange  current  for  the  discharge  of  chloride  ions 
on  graphite.  For  this,  the  coefficient  ^  and  the  capacity  of  the  double  layer  per  unit  graphite  area  must  be  known. 
Neither  is  known  reliably,  but  it  may  be  assumed  that  b=  0.065,  which  is  about  one  half  of  the  maximum  slope 
of  the  polarization  curve  for  Acheson  graphite  if  the  natural  logarithm  of  1  is  taken.  The  above  value  of  36  p  f/ 
cm*  was  taken  for  the  capacity,  but  it  is  possible  that  the  actual  value  is  somewhat  lower,  owing  to  the  pre¬ 
sence  of  adsorbed  oxidation  products  on  the  graphite  surface.  On  these  assumptions  we  have,  for  the  exchange 
current 


1 

,o=-(a  -6  •C')=0.5  -9.7  -0.065  -36-10 


=  1.14  -10~®  amp/cm* 


The  characteristics  of  the  other  electrodes  were  determined  analogously. 

DISCUSSION  OF  RESULTS 

The  principal  results  obtained  for  the  graphite  electrodes  are  given  in  Table  2. 

It  is  seen  in  Table  2  that  the  value  of  a  is  roughly  constant  for  all  the  kinds  of  graphite  studied.  Since  a 
characterizes  the  electrochemical  properties  of  the  electrode  material  itself,  irrespectively  of  porosity  or  other 
macrostructural  factors,  the  fact  that  a  is  constant  indicated  that  the  tme  surface  of  different  graphites  is  equi¬ 
valent  in  the  electrochemical  sense.  The  observed  fluctuations  of  a  between  5  and  10  are  not  indicative  of  any 
significant  differences  in  the  kinetics  of  the  electrode  processes  at  the  respective  surfaces,  and  maybe  attributed 
to  surface  contamination,  for  example  by  ash  impurities. 

The  exchange  current  also  remains  roughly  constant  in  the  10"®— 5.10  ®  amp/cm*  range.  The  reliability 
of  this  value  depends  on  the  accuracy  of  the  value  of  C  used  for  the  capacity  of  the  double  layer  per  unit  surface 
in  the  calculation.  Since  the  surface  of  a  working  graphite  anode  cannot  be  regarded  as  quite  free  from  contami¬ 
nation,  for  example  by  intermediate  decomposition  products  of  the  gmphite,  the  assumed  value  of  36  pF/cm* 
is  probably  rather  too  high.  Comparison  of  the  specific  surfaces  of  DEZ  and  Acheson  graphites,  determined  by 
adsorption  methods  [19],  also  leads  to  the  conclusion  that  the  actual  value  of  C  is  roughly  half  of  the  value 
taken,  and  is  about  15“  20  pF/cm*.  This  gives  ~5  X  10"®  amp/cm*  for  the  most  probable  value  of  the  exchange 
current  in  the  discharge  of  chloride  ions  on  graphite. 

It  is  clear  from  Table  2  that  when  the  specific  capacity  was  determined  by  the  alternating-current  and 
the  charge  methods,  the  two  methods  gave  results  in  good  agreement.  The  specific  surface  was  calculated  from 
specific  capacity  on  the  assumption  that  C’  =  36  pF/cm*.  If  the  more  probable  value  of  18  pF/cm*  is  taken,  the 
specific  surfaces  are  double  those  given  in  the  Table.  For  the  dense  Acheson  and  dI^Z  graphites  these  values  are 
1.5  and  0.8  mVg  respectively,  which  are  close  to  the  values  found  by  adsorption  methods. 
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TABLE  3 


Calculated  Values  of  Actual  Current  Density,  Polarization,  and  Acting  Thickness  for  Two  Kinds 
of  Graphite 


Over-all  curreot  density  (amps/m*) 
and  electrode  characteristics 


3(K) 

100<> 

3(H)0 

KKKK) 


Density 
Porosity  (°jo) 

Resistivity  (ohm  •  cm  •  10“®) 


-!Dcn5e*'  d£z  electrode 
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0  s  E 
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o  E 
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Porous**  ChfeZ  electrode 
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5  S  E 

3  «  ^ 
o  c  h 
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•§uE 


9 

90 

700 

3()00 


2(55 

420 

560 

700 

1.65 

25.0 

0.8 


1.3 

1.0 

0.5 

0.2 


0.5 

3.2 

25 

315 


90 
210 
340 
500 

0.884 

59.5 

7.2 


4.3 

3.9 

2.9 

1.6 


Electrolyte  resistance  in  pores 
(ohm  •  cm) 

Specific  surface  (m*/cc) 


460 

1.3 


37.0 

2.16 


For  the  SS,  Ts,  and  PT  porous  graphites  the  specific  surface  so  determined  is  0,4,  0.5,  and  0.25  mVg  res¬ 
pectively,  Here  we  have  porous  graphites  with  an  obviously  polydisperse  structure.  These  graphites  consist  of 
relatively  large  grains,  the  average  sizes  of  which,  by  sieve  analysis  and  direct  microscopic  measurements,  are 
SS  =  10  — 30  Ts  =  80—  100  p,  PT~300  p.  These  grains,  in  their  turn,  have  the  porosity  characteristic  of  ordi¬ 
nary  "dense"  graphites  made  from  the  appropriate  materials.  The  concept  of  internal  specific  surface  becomes 
more  complex  for  porous  graphites  of  this  structure.  We  may  consider  either  the  surface  formed  by  the  large 
graphite  grains,  disregarding  their  internal  surface,  or  the  total  internal  surface  which  includes  the  internal  sur¬ 
face  of  the  fine  pores  in  the  individual  grains. 

The  grain  surface  can  be  very  roughly  estimated  from  the  grain  size.  This  gives  a  value  of  the  order  of 
0.02  —  0.2  m®/g  for  the  specific  surface  of  the  grains.  The  internal  surface  of  the  grains  should  be  of  the  same 
order  of  magnitude  as  that  of  ordinary  dense  graphite  (about  ImVg). 

In  measurements  of  the  electrolyte  resistance  in  pores  by  the  method  used  in  the  present  investigation  the 
porosity  structure  also  influences  the  results.  Most  of  the  current  passes  through  the  large  pores,  whereas  the  fine 
convoluted  pores  which  have  high  resistance  make  a  relatively  small  contribution  to  the  total  measured  resistance 
Substitution  of  values  of  p  found  by  this  method  into  formulas  for  determination  of  specific  surface,  such  as  (4) 
or  (6),  should  give  low  results.  However,  it  must  be  taken  into  account  that  the  presence  of  large  pores  with  low 
resistance  allows  the  current  to  penetrate  to  a  considerable  depth  into  the  electrodes,  which  compensates  the 
above  effect  to  a  certain  extent. 

Calculations,  which  are  not  given  in  detail  here,  show  that  the  following  expression  should  be  valid  for  a 
bidisperse  porous  electrode  with  two  kinds  of  pores  with  resistance  pi  and  P2  and  specific  capacity  Ci  and  Cj 
respectively; 


^meas  ^^meas _ (v^/c  -|- )' 

^'act  ‘'*  act  (/f -f  1)(«  +  1) 


Pz 

where  k  =  —  and  n  =  -*“  = 
Pi  Cl 


h 

sr 
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If  we  assume  that  for  craphite  SS  k  =  ^  =0.4  and  n  =  ~  =  0.2.  then  the  formula  gives  -  =0.7,  and 
^  ^  250  1,0  °  S  act 

hence  the  specific  surface  ~-«=0.6  mVg.  Similarly,  for  graphite  PT  we  may  assume  1<  =  ;~  =0.18  and 

OJl  250 

0.02  S  meas  ,  t/ 

n  =  Y-^~  =  0.02  which  gives  ^  ~  =  0.27 and  S^ct ^  ^ 

It  is  obvious  that  this  is  only  a  very  rough  estimate.  For  more  reliable  conclusions  regarding  the  role  of 
the  porosity  structure  it  is  necessary  to  know  the  pore  size  distribution  function;  this  can  be  found  by  such  meth¬ 
ods  as  the  mercury  pressure  [20]  or  gas  flow  [21]  methods.  On  the  other  hand,  certain  inferences  concerning  the 
inner  stmcture  of  porous  electrodes  can  be  drawn  from  their  electrochemical  behavior. 

The  situation  is  most  complicated  with  porous  graphites  of  the  ChSz  and  DKhTI-ChEZ  types,  made  from 
materials  containing  an  admisture  of  a  volatile  solid,  NH4CI.  as  pore  former  [14].  Such  graphites  undoubtedly 
have  pronounced  polydispersity  with  a  very  wide  range  of  pores.  This  is  especially  true  for  DKhTI-Chf  Z  graph¬ 
ites,  which  were  made  with  technical  ammonium  chloride  ground  in  a  mortar.  Ch^Z  graphites,  made  with  sub¬ 
limed  NH4CI.  are  more  homogeneous  and  apparently  have  a  sharper  maximum  in  the  porosity  spectmm.  These 
graphites  all  had  approximately  the  same  specific  surface  per  unit  weight. 

The  measured  specific  surface  of  DKhTI-DEZ  graphite  decreases,  although  not  quite  smoothly,  with  in¬ 
crease  of  porosity.  This  is  due  to  increased  irregularity  of  structure  and  to  the  appearance,  in  highly  porous  speci¬ 
mens,  of  relatively  large  cracks  and  channels,  which  decrease  the  apparent  resistance  of  the  electrolyte  in  the 
pores.  Thus,  the  2.2-fold  increase  of  porosity  from  specimen  pi  to  p9  is  accompanied  by  nearly  a  10-fold  de¬ 
crease  of  resistance  in  the  pores;  this  can  be  attributed  only  to  enlargement  and  straightening  of  the  pores.  If 
the  porosity  increase  was  caused  only  by  increase  of  the  number  of  p>ores  while  their  dimensions  and  shape  re¬ 
mained  unchanged,  then  the  resistance  of  the  electrolyte  in  the  pores  of  DKhTI-DEZ-p9  electrodes  should  be 

100  ,, 

about  100  ohms* cm.  The  measured  specific  surface  should  then  be  approximately  0.5*  22  ^  'g*  which 

is  close  to  the  value  of  2.8  mVg  for  the  dense  DKhTI-D^Z-pl  electrode. 

The  higher  specific  surface  of  DKhTI-DEZ  and  ChEZ  electrodes  is  due  to  a  lower  degree  of  graphitization. 

The  external  surface  of  the  electrodes  studied  is  relatively  constant,  between  10  “30  cmVcm*;  if  it  is 
assumed  that  C  =  18  pp/cm*,  then  it  is  20“  60  cmVcm*.  Accordingly,  the  distribution  of  current  between  the 
external  and  internal  surfaces  is  such  that  under  normal  conditions  the  influence  of  the  external  surface  may  be 
disregarded. 

The  data  obtained  on  the  specific  surface  and  stmcture  of  graphite  electrodes  and  on  the  kinetics  of  chlo¬ 
rine  evolution  can  be  used  for  certain  calculations  which  clearly  demonstrate  the  relationship  between  the  stmc¬ 
ture  and  operating  conditions  of  graphite  electrodes.  Table  3  contains  calculated  values  of  the  actual  current 
density,  the  acting  layer  thickness,  and  polarization,  for  two  kinds  of  graphite;  "dense"  D^Z  graphite  and  ChEZ- 
40  graphite  of  higher  porosity. 

The  table  also  contains  the  principal  characteristics  of  the  two  types  of  graphite.  The  actual  current  den¬ 
sity  (maximum,  near  the  external  surface)  was  calculated  by  the  formulas; 


(at  high  current  densities,  when 


~  2Sb 


and 

(at  current  densities  when  ^  . 


(11) 


(12) 
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The  acting  layer  thickness  was  calculated  by  Formula  (2),  and  polarization  by  Formula  (3). 

Table  3  shows  that  the  actual  current  density  is  considerably  less  than  the  over-all  value,  especially  for 
"porous"  graphite.  The  actual  value  rises  more  rapidly  with  increase  of  the  over-all  current  density,  approxi¬ 
mately  in  proportion  to  the  square  of  the  latter,  and  becomes  comparable  with  it  at  some  thousands  of  amperes 
per  square  meter.  This  situation  is  only  reached  at  considerably  higher  current  densities  for  the  highly  porous 
graphite. 

The  acting  layer  thickness  for  "dense"  graphite  at  the  current  densities  generally  used  in  chlorine  produc¬ 
tion  is  about  0.5“  1,0  mm,  and  is  consistent  with  the  earlier  data,  presented  in  Table  1,  obtained  experimentally 
by  one  of  us.  The  acting  layer  thickness  for  graphite  of  higher  porosity  is  several  times  as  large. 

We  attempted  to  calculate  polarization  curves  for  different  kinds  of  graphite  by  means  of  Formula  (3),  and 
to  compare  the  calculated  and  experimental  curves.  For  the  more  homogeneous  samples  the  agreement  was  quite 
satisfactory,  especially  in  view  of  the  poor  reproducibility  of  polarization  measurements  with  a  material  such  as 
graphite.  Fig.  4  shows  the  calculated  polarization  curve  for  Acheson  graphite,  together  with  the  corresponding 
experimental  points.  The  agreement  between  experimental  and  calculated  data  for  less  homogeneous  graphites 
is  somewhat  less  satisfactory. 

All  the  results  given  in  this  paper  were  determined  at  20  ±1*.  For  conversion  to  other  temperatures,  it  is 
possible  to  use  the  value  for  the  activation  energy  of  chlorine  evolution,  found  to  be  12,000  cal  calculated  in  an 
earlier  investigation  ri2]  and  the  temperature  coefficient  of  electrical  conductivity.  Calculation  for  80",  which 
is  the  usual  temperature  in  chlorine  production,  shows  that  the  exchange  current  is  increased  approximately  36- 
fold,  while  the  electrolyte  resistance  in  the  electrode  pores  decreases  3.2-fold  at  this  temperature.  The  actual 
current  density  and  electrode  polarization  diminish  accordingly, 

SUMMARY 

1.  Graphite  electrodes  were  studied  by  methods  based  on  nonequilibrium  polarization.  Data  on  the  kinetics 
of  chlorine  evolution  on  graphite  and  information  on  the  specific  surfaces  of  different  graphites  were  obtained  as 

a  result. 

2.  It  is  shown  that  the  exchange  current  in  chlorine  evolution  is  virtually  the  same  for  different  kinds  of 
graphite,  and  is  5  •10"®  amp/cm*at  20*. 

3.  The  specific  surface  is  about  0.8  “•  1.5  mVg  for  well-graphitized  samples,  and  2.5  “  6  mVg  and  over  for 
less  graphitized  samples. 

4.  The  actual  current  densities,  acting  electrode  thicknesses,  and  polarizations  were  calculated  for  dif¬ 
ferent  conditions. 

5.  It  is  shown  that  differences  in  the  electrochemical  behavior  of  different  kinds  of  graphite  are  largely  de¬ 
termined  by  their  structural  characteristics. 
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INFLUENCE  OF  ELECTROLYTE  COMPOSITION  ON  THE  DISTRIBUTION  OF 


CURRENT  INSIDE  A  GRAPHITE  ANODE  AND  ON  ITS  INTERNAL  WEAR* 

B.  M.  Bulygin 

The  Ivanovo  Institute  of  Chemical  Technology 

The  breakdown  of  a  graphite  anode  in  the  electrolysis  of  aqueous  solution  not  only  affects  the  outer  layer 
of  the  electrode,  but  may  penetrate  deep  into  the  electrode,  causing  "internal  losses."  The  mechanism  of  graph¬ 
ite  oxidation  within  the  pores  may  differ  substantially  from  the  mechanism  of  external  destmction  which  was 
considered  in  the  preceding  communication  [1].  Internal  oxidation  should  be  less  intensive  than  external,  be¬ 
cause  of  the  low  current  density  (low  potential)  in  the  pores  [2].  According  to  Ksenzhek  [3],  the  fraction  of  the 
current  involved  in  "internal"  discharge  at  current  densities  used  in  industry  (750-1000  amps/cm*)  is  0.5*“  2% 
for  DEZ  electrodes.  Moreover,  internal  oxidation  should  not  be  accompanied  by  mechanical  disintegration,  as 
the  conditions  for  the  latter  (high  anodic  potential  and  irregular  combustion  because  of  the  high  discharge  rate) 
do  not  obtain  in  the  inner  pores.  However,  in  prolonged  operation  under  works  conditions  internal  destruction 
can  become  considerable  (up  to  40‘7o  of  the  total  losses),  and  this  cannot  be  attributed  only  to  the  oxidizing 
action  of  the  hydroxyl  (water)  ions  discharging  in  the  pores.  It  has  been  noted  [4,  5]  that  purely  chemical  (i.e., 
independent  of  electrolysis  in  depth)  oxidation  of  anode  material  by  certain  substances  present  in  the  electrolyte, 
mainly  hypochlorous  acid,  is  possible. 

The  purpose  of  our  investigation  was  to  determine  the  possibility  of  graphite  destruction  by  "electrochemi¬ 
cal"  or  "chemical"  mechanisms  in  different  electrolytes  and  to  find  whether  various  components  of  the  solutions 
have  any  harmful  effect  with  regard  to  internal  wear. 

The  investigation  consisted  mainly  of  determination  of  anodic  polarization  curves  for  the  anode  surface, 
and  measurements  of  the  anode  potential  at  various  depths.  The  polarization  curves  in  conjunction  with  the 
curves  for  distribution  of  potential  at  different  depths  were  used  to  determine  the  current  density  at  various  dis¬ 
tances  from  the  acting  anode  surface  (the  internal  current  density,  Since  the  electrolysis  takes  place  at  a 

porous  surface,  in  order  to  obtain  correct  absolute  values  of  Dj^j  the  external  polarization  data  were  first  recal¬ 
culated  for  "tme"  current  densities  by  means  of  the  formula  proposed  by  Ksenzhek  [3], 

1)  -o  _ 

true  app  2  •  S  ■  b  y  ^  P  ’ 

which  includes  quantities  characterizing  the  electrolyte  and  the  electrode. 

The  electrolyte  composition  in  the  pores  may  differ  from  the  composition  of  the  external  solution,  and 
this  may  be  the  cause  of  the  processes  leading  to  internal  destruction.  Therefore  a  series  of  experiments  was 
performed  in  which  fresh  electrolyte  was  forced  into  the  pores  to  the  point  at  which  the  internal  potential, 
was  measured.  Comparison  of  the  values  obtained  by  the  two  methods  makes  it  possible  to  draw  definite  con¬ 
clusions  concerning  variations  of  the  concentration  and  composition  of  certain  electrolytes  within  the  anode 
pores. 

The  anode  gas  and  solution  were  also  analyzed  chemically  in  order  to  determine  the  quantitative  effects 
of  current  distribution  on  the  discharge  of  different  ions  and  to  compare  the  relative  effectiveness  of  chemical 
and  electrochemical  oxidation. 

•  Communication  II  in  the  series  of  investigations  of  destruction  of  graphite  anodes  in  aqueous  electrolyte  solutions. 
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Fig.  1.  Circuit  of  apparatus  used  for  measurement  of  potentials  within  a  graphite  electrode; 
1)  thermostat,  2)  electrolytic  cell,  3)  anode,  4)  cathode,  5)  electric  heater,  6)  P-4  potentio¬ 
meter,  7)  electrolyte  inlet,  8)  electrolyte  outlet. 


EXPERIMENTAL 

The  circuit  of  the  apparatus  used  for  determination  of  the  polarization  curves  and  measurement  of  poten¬ 
tials  within  the  anodes  is  given  in  Fig.  1.  The  electrolytic  cell  was  a  bell-shaped  bath.  The  anode,  cut  from 
DEZ  graphite  in  the  shape  of  a  circular  plate  with  a  rod,  was  placed  in  the  bell.  The  bottom  face  of  the  anode, 

3  cm*  in  area,  was  the  working  surface,  the  sides  of  the  anode  being  insulated  with  polyvinyl  chloride  varnish. 
The  capillary  of  a  bridge  for  measurement  of  the  internal  potential  was  inserted  in  a  hole  drilled  axially  in  the 
anode.  Another  bridge  was  introduced  under  the  working  surface  of  the  electrode.  Fresh  electrolyte  was  intro¬ 
duced  continuously  into  the  anode  compartment  and  withdrawn  from  the  cathode  compartment.  The  e.m.f.  was 
measured  to  an  accuracy  of  ±1  mv.  The  axial  hole  was  deepened  at  intervals  during  the  experiment,  and  the 
distance  from  the  working  surface  of  the  anode  to  the  point  at  which  was  measured  was  gradually  decreased 
from  25  to  0.5  mm. 

Polarization  curves  and  internal  current  densities  were  determined  for  the  following  groups  of  solutions; 
a)  neutral  NaQ  solutions  of  various  concentrations  (Curves  1-3);  b)  solutions  of  pure  acids  and  alkalies  (Curves 
4-7);  c)  alkaline  hypochlorite  solutions  of  different  concentrations,  with  constant  NaOH  content,  10  g/liter 
(Curves  8  and  9);  d)  solutions  containing  300  g  of  NaQ  per  liter  with  different  HCl  and  NaOH  contents  (Curves 
10-12);  and  e)  solutions  containing  NaQ  and  NaClO  in  different  proportions  (Curves  13-15). 

Polarization  curves  were  plotted  for  the  current  density  range  0.0003  “  0.3  amp/cm*.  The  internal  current 
density  was  determined  for  three  values  of  external  apparent  current  density*"  0.075,  0.15  and  0.30  amp/cm*. 

The  temperature  was  maintained  at  60  ±  1"  deg  in  all  the  experiments. 

The  experimental  results  are  plotted  in  Figs.  2-6.  Figs.  2  and  3  show  the  curves  for  apparent  polarization 
of  the  graphite  anode  in  different  solutions  (the  values  of  D^pp  approximately  400  times  the  values  of 
at  a  given  polarization).  Curves  for  the  distribution  of  potential  at  different  depths  in  the  anode  are  given  in 
Figs.  4  and  5.  Corresponding  curves  for  the  internal  current  density  are  given  in  Fig.  6. 

DISCUSSION  OF  RESULTS 

An  exclusive  process,  adequately  reversible  over  the  entire  current-density  range,  is  observed  only  in  solu¬ 
tions  containing  50  g  HCl  per  liter  and  strongly  acid  NaCl.  All  the  other  polarization  curves  are  nonlinear.  In 
alkaline  electrol)rtes  (pure  NaOH  and  alkaline  hypochlorite  and  sodium  chloride  solutions)  the  curves  show  an 
inflection  at  approximately  +1.0  v,  indicating  that  a  qualitatively  new  process  begins  at  higher  current  densities. 
Evidently  at  low  polarizations  only  adsorption  of  atomic  oxygen  and  accumulation  of  oxides  on  the  graphite  is 
possible.  Beyond  the  infliction  point,  the  curve  corresponds  to  the  liberation  of  CO,  CO2  and  recombined 
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Fig.  2.  Polarization  curves  for  a  graphite  anode  in 
different  electrolytes; 

A)  log  D^pp,  B)  external  potential  ■We3(t(v); 
composition  of  solution  (in  g/liter);  1-^300  NaCl, 
2  -  150  NaCl.  3-50  NaCl.  10  -  300  NaQ  +  20HC1. 
11  -  300  NaCl  +  10NaOH.  12  -  300NaCl  +  50NaOH, 
13  -  257NaCl  +  6NaC10,  14  -  150NaCl  +  20NaC10. 
15  -43NaCl  +  34NaC10. 


Fig.  3.  Polarization  curves  for  a  graphite  anode  in 
different  electrolytes: 

A)  log  Dapp,  B)  external  potential  (v); 
composition  of  solution  (in  g/liter);  4  — 5HC1,  5  — 
50HC1,  6  -  lONaOH.  7  -  337NaOH,  8  “  40NaClO. 
9-20  NaClO. 


Oj  into  the  atmosphere.  It  is  in  this  potential  region  that  electrochemical  destruction  of  graphite  becomes  possi¬ 
ble. 


The  magnitude  of  the  internal  potential  depends  appreciably  on  the  specific  nature  of  the  electrolyte.  In 
solutions  with  exclusive  discharge  of  chlorine  (50  g  HQ,  and  300  g  NaCl  +  20  g  HCl  per  liter)  ir^nt  fs  very  close 
to  the  equilibrium  potential  of  the  chlorine  electrode  (+1.358  v),  and  the  calculated  is  very  close  to  the 
exchange  current  (io<alO"6  amp/cra*).  Therefore  there  is  virtually  no  discharge  of  chloride  ions  within  pores 
more  than  0.5  mm  from  the  anode  surface,  while  the  fracticxi  of  the  current  involved  in  internal  discharge  is 
only  0.47o  of  the  total  current  (at  Dg^t  app  =0*075  amp/cm*).  Although  the  internal  potential  in  solutions  of 
pure  alkali  and  strongly  alkaline  sodium  chloride  solution  (300  g  NaCl  50  g  NaOH  per  liter)  is  higher  than  the 
reversible  oxygen  potential,  it  is  considerably  lower  than  the  actual  potential  of  oxygen  liberation  (+1.0  v). 
Somewhat  higher  potentials  (from  +0.85  to  +1.06  v)  are  observed  in  concentrated  hypochlorite  solutions,  where 
discharge  of  hydroxyl  ions  may  be  accompanied  by  oxidation  of  hypochlorite  ions.  It  follows  from  Fig.  6  that 
the  current  density  in  all  these  solutions  is  close  to  10"7  amp/cm*,  and  evidently  electrolysis  within  the  pores 
cannot  cause  any  significant  destruction  of  the  anode.  For  all  the  above-named  electrolytes  supply  of  fresh 
electrolyte  into  the  anode  causes  a  small  shift  of  potential  in  the  negative  direction;  this  indicates  some  degree 
of  concentration  polarization  within  the  electrode.  However,  this  cannot  result  in  any  significant  differences  in 
the  distribution  of  the  internal  current  density. 

We  now  consider  neutral  NaCl  solutions  and  their  mixtures  with  hypochlorite.  The  course  of  the  polariza¬ 
tion  curves  (Fig.  2)  suggests  that  the  process  at  the  external  electrode  surface  in  neutral  NaCl  solutions  differs 
little  from  the  process  in  acid  solutions,  while  addition  of  hypochlorite  to  the  solution  gradually  shifts  the  poten¬ 
tial  toward  the  values  of  irgxt  alkaline  electrolytes.  Therefore,  if  the  external  and  internal  discharge  processes 
are  assumed  to  be  of  the  same  type,  considerable  deviations  of  and  Djnt  from  the  values  found  for  solutions 
containing  50  g  of  HCl  or  20  and  40  g  NaClO  per  liter  cannot  be  expected.  In  reality,  however,  very  high  values 
of  iTjjjj,  up  to  +1.45  V,  are  found  for  these  solutions,  while  the  internal  current  density  is  only  l/lO  to  1^0  of  the 
external  tme  current  density.  The  difference  between  these  and  all  the  electrolytes  previously  considered  lies 
in  the  possibility  of  formation  of  a  new  product  —  hypochlorous  acid  —  in  them  under  certain  conditions.  Dis¬ 
charge  of  chlorine  in  the  pores  (’>^jnt^^Cl2  t^^^e  solutions)  leads  to  partial  dissolution  of  chlorine  in  the  elec¬ 

trolyte.  The  simultaneous  discharge  of  hydroxyl  ions  acidifies  the  electrolyte  somewhat.  The  weakly  acid  medi¬ 
um  favors  accumulation  of  HCIO  in  the  pores.  In  this  case  the  potential  is  evidently  established  as  the  result 
of  equilibrium  in  the  reaction 
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HCIO  1-  H+  4-  p  ;=?;  1/2CI2  4-  1120 


and  its  value  depends  on  the  pH  of  the  electrolyte  in  the  pores  (iTq  =  +1.63  v). 

Hypochlorous  acid  is  a  powerful  chemical  oxidant.  As  it  oxidizes  the-graphite,  the  equilibrium 

CIO- 4-  HCI  HClO  i-OI" 


is  shifted  to  the  right  and  accumulation  of  HCIO  continues.  Conditions  necessary  for  existence  and  replacement 
of  HCIO  can  arise  only  in  pores  in  which  rapid  removal  of  the  products  of  electrochemical  discharge  Is  impossi¬ 
ble.  Such  conditions  do  not  obtain  at  the  external  surface,  because  of  the  high  current  density,  and  especially 
because  of  the  free  circulation  of  the  solution. 


This  is  confirmed  by  experiments  with  artificial  supply  of  electrolyte  into  the  pores.  The  greatest  decrease 
of  the  value  of  ttjjjj,  reaching  0.25  v,  is  found  In  this  case.  As  a  result,  the  internal  potential  for  the  solution 
mixtures  approaches  the  value  of  the  equilibrium  chlorine  potential,  and  the  formation  of  HCIO  is  retarded.  The 
calculated  value  of  Dj^jj  decreases  correspondingly. 


TABLE  1 


Composition  of  Anode  Products  in  Electrolysis  at  Low  Current  Density  =  45  amps/m*, 
t  =  60*  deg 


Solution  (g/ liter) 

42 

-t- 

-f- 

0 

0 

0 

0 

0 

§a 

S?' 

- 

a 

0 

CM  ^ 

-0 

CJ 
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U 

c/) 

0 

5 

uo 

'A 

y 

X 

a 

S 

y.+ 

yy. 

2;  + 

Yield  of  COj  (g  per  amp-hr): 


in  solution 

0.160 

0.12:1 

0.1 /.8 

— 

— 

0.385 

0.186 

0.246 

— 

1.290 

0.644 

in  gas 

0.096 

0.1 18 

0.115 

0.449 

0.336 

— 

).005 

— 

— 

? 

? 

total 

0.25() 

0.2/.  1 

o.26:i 

0.149 

0.336 

0.385 

0.191 

0.246 

— 

'^1.290 

>0.644 

Current  efficiency  (‘V'o) 


31.0 

28.4 

19.0 

21.5 

— 

— 

— 

— 

100 

? 

? 

62.3 

59.5 

65.0 

37.8 

81.5 

94.6 

46.0 

59.5 

— 

~30() 

~150 

6.7 

12.1 

16.0 

40.7 

18.5 

5.4 

54.0 

40.5 

— 

? 

? 

Additions  of  either  acid  or  alkali  to  a  neutral  saturated  NaCl  solution  decrease  the  current  density  within 
the  anode  and  interrupt  the  formation  of  HCIO  in  the  pores.  Hypochlorite  by  itself  is  not  a  powerful  oxidizing 
agent,  and  cannot  react  chemically  with  the  anode  material  [1,  6]. 

The  destructive  action  of  electrolytes  in  which  the  formation  and  existence  of  HCIO  is  possible  was  con¬ 
firmed  quantitatively  by  analysis  of  the  anode  gas  and  electrolyte.  A  method  for  compiling  a  balance  of  the 
anode  products  in  studies  of  the  destmction  of  graphite  electrodes  has  been  worked  out  by  a  number  of  authors 
[6  —  9].  The  apparent  external  current  density  in  our  experiments  was  0.0045  amp/cm^  (as  compared  with  0.075 
amp/cm^  under  production  conditions),  so  that  it  was  possible  to  bring  the  operating  conditions  of  the  external 
anode  surface  to  those  within  the  electrode.  The  anode  gas  and  solution  were  analyzed  for  COj,  Clj,  O2,  Na2C03 
and  NaClO. 

The  results  of  the  experiments  are  presented  in  Table  1;  it  is  seen  that  that  in  neutral  and  alkaline  NaCl 
solutions,  in  which  current  is  carried  both  by  Cl"  and  by  OH"  ions,  the  amount  of  CO2  formed  is  roughly  constant 
(about  0.25  g  per  amp-hr).  The  anode  gas  always  contains  some  oxygen.  In  an  acid  medium  containing  chloride 
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A 


Fig.  4.  Distribution  of  potential  at  different 
depths  in  a  graphite  anode,  in  various  elec¬ 
trolytes: 

A)  internal  potential  (v),  B)  thickness 
6  (mm); 

composition  of  solution  (g/ liter:  l  —  SOONaCl, 
2  -  ISONaCl.  3  -  SONaCl.  10  -  300NaCl  +  20 
HCl,  ll~300NaCl  +  10NaOH.  12“300NaCl  + 
SONaOH.  13  -  257NaCl  +  6NaC10.  14  -  150 
NaCl  +  20NaClO.  15  -  43NaCl +34NaC10. 


Fig.  6.  Distribution  of  current  density  at  different 
depths  in  a  graphite  anode,  in  various  electrolytes: 
A)  true  current  density  (amp/cm*),  B)  thickness  6 
(mm);  composition  of  solution  (g/liter):  1  —  300 
NaCl,  2  -  150NaCl,  3  -  50NaCl,  4  -  5HC1,  5-50 
HCl,  7  -  337NaOH,  8  -  40NaClO,  9  -  2pNaC10, 

10  -  300NaCl  +  20HC1,  11  -  300NaCl  +  lONaOH, 

12  -  300NaCl  +  50NaOH,  13  -  257NaCl  +  6NaC10, 
14-  150Naa  +  20NaC10,  15  -  43NaCl +34NaC10. 


Fig.  5.  Distribution  of  potential  at  different 
depths  in  a  graphite  anode,  in  various  elec¬ 
trolytes; 

A)  internal  potential  (v),  B)  thickness 
6  (mm); 

composition  of  solution  (g/liter):  5—  50HC1, 

4  -  5HC1,  6  -  lONaOH,  7  -  337NaOH,  8  - 
40NaClO,  9  -  20NaClO. 

ions  all  the  current  is  expended  in  formation  of 
Clj.  Conversely,  in  absence  of  Cl"  ions  (in  NaOH  and 
H2SO4  solutions)  oxidation  is  increased  1.3  to  1.5-fold. 
Discharge  of  hypochlorite  ions  lowers  the  yield  of  CO2 
somewhat.  The  most  interesting  data  are  those  on  for¬ 
mation  of  CO2  in  mixed  solutions  of  Nad  and  NaClO, 
i.e.,  under  conditions  in  which  hypochlorous  acid  can 
be  formed.  Here  the  amount  of  CO2  evolved  is  far 
greater  than  the  amount  theoretically  possible  as  the 
result  of  primary  discharge  of  oxygen.  Decrease  of  the 
proportion  of  NaCl  in  the  mixture  (and  corresponding 
increase  of  the  proportions  of  NaClO  and  NaOH)  natural¬ 
ly  hinders  chemical  oxidation. 

Good  confirmation  of  the  destructive  action  of 
the  liberated  HCIO  is  provided  by  Table  2,  which  con¬ 
tains  experimental  data  on  the  course  of  formation  of 
hypochlorous  acid.  1  N  HCl  was  added  at  equal  time 
intervals  to  an  alkaline  solution  of  NaClO  (containing 
40  g  NaClO  and  10  g  NaOH  per  liter).  At  first,  addi¬ 
tions  of  acid  have  no  effect  on  the  gas  composition. 

Only  the  alkali  is  neutralized  at  this  stage.  After  a 
certain  excess  of  acid  has  been  added,  displacement 
of  hypochlorous  acid  from  its  salt  begins.  From  this  in¬ 
stant  the  contents  of  CO2,  and  also  of  chlorine  (by  oxi¬ 
dation  of  excess  HCl  by  the  hypochlorous  acid)  in  the 
gas  begin  to  increase  sharply. 
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TA  BLE  2 


Composition  of  Anode  Products  During  Neutralization  of  Alkaline  NaClO  Solution  by 
1  N  Hydrochloric  acid  =  45  amps/m*,  t  =  60*  deg 


Amount  of  1 
Time  from  N  hydrochlo- 
start  (min)  ric  acid  added 


(ml) 


0 

15 

30 

45 

60 


0 

4 

8 

13 

18 


75 

90 

105 

120 


Composition  of  gas  (’h) 

Carbonate 
content  (g 
CO,  per  liter 
of  solution) 

NaClO  con 

centration 

(g/Uter) 

Cl, 

CO, 

0, 

0 

0 

100 

1.43 

50.0 

0 

0 

100 

1.58 

49.7 

0 

0 

100 

1.38 

— 

0 

0 

100 

1.77 

49.6 

0 

0 

100 

1.68 

— 

0 

3 

97 

\ 

>  1.63 

49.7 

0> 

13 

87 

f 

42 

30 

28 

1 

>  1.43 

48.5 

42 

36 

22 

/ 

68 

32 

0 

>  1.43 

47.0 

60 

34 

6 

/ 

66 

28 

6 

1 

/  1.63 

45.7 

71 

25 

4 

/ 

The  sodium  carbonate  content  of  the  solution  remains  unchanged,  and  therefore  HCl  is  consumed  exclusive¬ 
ly  in  decomposition  of  hypochlorite,  and  a  constant  pH  value  becomes  established  in  the  solution  by  the  buffering 
action  of  NaClO*”  HCIO. 


SUMMARY 

1.  The  anode  potential  at  depths  greater  than  0.5  mm  in  solutions  containing  Cl”  ions  is  close  to  the 
equilibrium  potential  of  the  system  2Cl”^Cl2  +  2e,  while  in  solutions  in  which  hydroxyl  ions  are  discharged  this 
potential  is  less  than  the  potential  for  the  liberation  of  gaseous  O2  (about  +1.0  v).  The  current  density  in  deep 
pores  is  close  to  the  exchange  current,  and  therefore  graphite  is  not  destroyed  as  the  result  of  internal  discharge 
of  ions. 

2.  Considerably  higher  internal  potentials  (up  to  +1.45  v)  are  found  in  solutions  in  which  hypochlorous 
acid  can  form  and  exist  in  the  anode  pores  (in  neutral  and  weakly  alkaline  NaCl  solutions,  and  especially  their 
mixtures  with  hypochlorite).  In  such  solutions  the  internal  current  density  is  only  15  to  20  of  the  external  den¬ 
sity.  and  therefore  the  formation  of  HCIO  by  electrochemical  oxidation  ici2  +  H20-*HC10  +  H'*’  +e  or  by  the 
displacement  reaction  C10“  +HC1“>HC10  +  CP  is  very  intensive. 

3.  Analytical  data  for  the  gas  and  electrolyte  confirm  the  intensified  destmction  of  graphite  as  the  result 
of  purely  chemical  oxidation  by  hypochlorous  acid  in  the  pores. 

4.  It  is  difficult  to  avoid  internal  destruction  under  industrial  conditions  for  the  electrolysis  of  weakly 
alkaline  (0.15  —  0.20  g  NaOH  per  liter)  NaCl  solutions.  In  such  cases  the  best  method  of  anode  protection  is 
efficient  impregnation  which  prevents  circulation  of  the  electrolyte  in  the  deep  pores. 
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PRODUCTION  OF  IRON  -  NICKEL  ALLOYS  BY  ELECTRODEPOSITION 


FROM  CHLORIDE  ELECTROLYTES 

V.  V.  Sysoeva 


During  recent  years  there  has  been  a  considerable  increase  of  interest  in  the  production  of  coatings  con¬ 
sisting  of  alloys  of  the  iron  group  of  metals  (Fe  ”*  Ni,  Fe  —  Co,  Co  “  Ni),  in  relation  to  a  number  of  practical 
problems  in  electrical  engineering  and  communications  [1,  2].  Moreover,  it  has  been  reported  that  iron  “nickel 
alloys  (Fe  ^40%)  may  be  used  as  anticorrosion  coatings  [2], 

However,  despite  a  considerable  number  of  studies  of  the  electrodeposition  of  iron  —  nickel  alloys  [3  “  13], 
the  results  obtained  have  not  been  widely  adopted  in  practice.  Moreover,  in  the  production  of  Permalloy- coated 
articles  [1]  the  most  suitable  process  has  been  found  to  be  the  application  of  alternating  thin  layers  of  iron  and 
nickel,  followed  by  heat  treatment. 

Sulfate  [3  ~  7,  9  “  13]  and  cyanide  [8]  electrolytes  have  been  used  for  the  formation  of  iron  “  nickel  alloys. 

The  literature  contains  numerous  bath  recipes  for  the  production  of  both  iron  and  nickel  from  chloride 
electrolytes  [3,  14  —  17],  but,  with  only  one  exception,  chloride  electrolytes  have  not  been  used  for  the  produc¬ 
tion  of  iron  —  nickel  alloys.  It  is  noted  in  one  patent  [18]  that  if  cobalt  salts  are  replaced  by  nickel  in  a  chlo¬ 
ride  electrolyte  (FeClj,  C0CI2.  CaClj)  Fe  —  Ni  alloys  can  be  produced. 

It  is  clear  from  the  foregoing  literature  data  that  no  success  has  been  achieved  in  the  practical  utilization 
of  sulfate  and  other  electrolytes  for  the  electrodeposition  of  iron  —  nickel  alloys;  we  used  the  indirect  indication 
that  nickel  —  iron  alloys  can  be  deposited  from  chloride  electrolytes  [18],  and  the  well-known  processes  for  pro¬ 
duction  of  iron  [3,  14,  15]  and  nickel  [3,  16,  17]  coatings  from  chloride  electrolytes,  in  an  attempt  to  use  chlo¬ 
ride  electrolytes  for  the  formation  of  Fe  —  Ni  alloy  coatings  with  a  wide  range  of  component  concentrations  in 
the  alloys. 

The  present  communication  is  restricted  to  certain  data  which  indicate  the  practical  possibility  of  utilizing 
our  proposed  electrolyte. 

In  the  development  of  electrolyte  compositions  suitable  for  practical  use  we  also  aimed  at  the  maximum 
intensification  of  the  process;  electrolytes  with  a  high  total  concentration  of  the  components  were  therefore 
studied,  and  electrodeposition  was  also  performed  at  elevated  temperatures  and  very  high  current  densities. 

The  electrolytic  cells  ranged  in  volume  from  150  to  3000  ml,  in  accordance  with  the  problem  in  hand. 

The  electrolyte  temperature  was  regulated  thermostatically  to  within  ±0.2*. 

It  is  not  necessary  to  give  the  circuit  diagram  of  the  apparatus  in  this  paper,  as  a  circuit  of  this  type  is 
given  (with  small  modifications)  in  Kadaner's  book  [17]. 

Separate  iron  (Armco)  and  nickel  (grade  N-(X)0)  electrodes  were  used  in  the  investigation;  the  total  im¬ 
purities  in  the  electrodes  did  not  exceed  0.03*70. 

The  electrolytes  were  prepared  from  suitable  salts  in  distilled  water.  Nickel  chloride  was  prepared  by 
solution  of  weighed  quantities  of  once-crystallized  chemically  pure  NiCl2;  for  preparation  of  ferrous  chloride, 
Armco  iron  was  dissolved  in  HCl  solution  with  addition  of  70  g  FeCls  per  liter;  the  FeCl2  concentration  was  de¬ 
termined  by  analysis  and  made  up  to  lOttgAiter  (calculated  as  the  metal);  the  original  NiCl2  solution  had  the 
same  concentration. 
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Fig.  1.  Variation  of  the  iron  content  of  elec- 
trodeposited  alloys  with  current  density: 
electrolyte:  [Fe"*"^  25  g/liter,  [Ni'*"'l  75  g/liter, 
citric  acid  15  g/liter;  pH  =  3.0±0,l.  A)  iron 
content  of  deposit  (%),  B)  current  density  Dq 
(amps/ dm*);  temperature  (“C):  1)  30,  2)  70. 


A 


Fig.  2.  Effect  of  electrolyte  temperature  on 
the  composition  of  the  alloy  formed: 
electrolyte  composition  —  see  Fig.  1;  D=  50 
amps/dm*;  A)  Fe  content  of  deposit  (‘!/o),  B)  tem¬ 
perature  ("C). 


Fig.  3.  Effect  of  the  component  ratio  in  the 
electrolyte  on  the  composition  of  iron  —  nickel 
alloy  coatings: 

electrolyte  EfFe''"^,  [Ni^"^  100  g/liter,  citric 
acid  15  g/liter;  pH  =  3.0  ±0.1;  temperature  70* 
Dc  =  40  amps/dm*;  A)  Fe  content  of  elec¬ 
trolyte  (°lo)  B)  Fe  content  of  deposit;  C)  Ni  con¬ 
tent  of  electrolyte  (^o);  D)  Ni  content  of  deposit. 


A 


Fig.  4.  Variations  of  electrolyte  composition 
with  the  use  of  different  ratios  of  current  density 
at  the  iron  and  nickel  anodes: 
electrolyte  composition  —  see  Fig.  1;  volume 
150  cc,  temperature  70®,  D  =  40  amps/dm^ 

0  =  8  amp-hrs;  original  electrolyte:  1) 

2)  [Fe++].  A)  Content  of  E[Fe++],  [Ni++]( g/liter), 

B)  values  of  ipc  — — —• 

'  ■'NI 


The  electrolytes  were  prepared  from  the  original  solutions  taken  in  the  desired  proportions;  thus  the  total 
concentration  (calculated  as  the  metals)  was  always  100  g/liter. 

Systematic  analysis  of  the  electrolytes  and  of  the  deposits  formed  were  performed  during  the  experiments. 
The  data  on  the  compositions  of  the  deposits  and  electrolytes  are  average  values  for  triplicate  determinations. 

In  view  of  the  large  amount  of  experimental  data  obtained,  not  all  the  results  can  be  given  here;  we  there¬ 
fore  confine  ourselves  to  individual  examples,  which  are  typical  in  principle  for  all  the  cases  studied;  such  data 
(selected)  are  presented  in  Figs.  1  —  4. 
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Fig.  1  shows  variations  of  the  iron  content  of  the  deposit  with  the  cathode  current  density  for  an  electrolyte 
containing  25  g  of  iron  and  75  g  of  nickel  (as  the  metals)  per  liter. 

It  is  clear  from  the  diagram  that  the  composition  of  the  deposit  depends  to  a  great  extent  on  the  current 
density  and  much  less  on  the  electrolyte  temperature. 

It  should  be  noted  that  high-quality  bright  or  semibright  deposits  are  formed  from  an  electrolyte  of  this 
composition  at  70*  and  current  densities  of  30  —  50  amps/dm*.  To  eliminate  ferric  iron  [3],  15  g  of  citric 
acid  per  liter  was  added  to  the  electrolyte,  and  the  electrolyte  pH  was  maintained  in  the  3.0 ±0.1  range. 

The  use  of  high  current  densities  not  only  results  in  rapid  growth  of  the  coatings,  as  is  clear  from  Fig.  1, 
but  is  also  more  suitable  from  the  point  of  view  of  uniform  composition  over  the  whole  coated  surface,  as  irregu¬ 
larities  of  the  force  field  and  therefore  of  D^,  at  different  regions  of  the  specimen  lead  to  only  slight  variations 
in  the  composition  of  the  deposit  at  high  current  densities. 

Fig.  2  shows  the  effect  of  temperature  on  the  composition  of  the  deposit  obtained  from  this  electrolyte  at 
Dj.  =  50  amps /dm*:  it  is  seen  that  in  the  temperature  range  studied  the  iron  content  increases  linearly  with  the 
temperature,  by  about  2*7o  per  10*  . 

Fig.  3  shows  the  effect  of  the  iron  —  nickel  ratio  in  the  electrolyte  on  the  composition  of  deposits  from 
electrolytes  containing:  DCFe'*"'’],  [Ni"*"^  100  g/liter  (as  the  metals),  citric  acid  15  g/liter,  at  pH  =  3  ±0.1. 

It  is  seen  that  at  low  iron  concentrations  in  the  electrolyte  the  deposit  formed  is  relatively  richer  in  iron; 
as  the  iron  concentration  in  the  electrolyte  increases,  the  relative  enrichment  of  the  deposit  with  iron  progres¬ 
sively  diminishes,  and  when  the  iron  concentration  in  the  electrolyte  reaches  82.5  g/liter  (with  a  total  concen¬ 
tration  of  100  g  of  metals  per  liter)  the  deposit  becomes  enriched  with  nickel,  although  to  a  relatively  smaller 
extent  than  with  iron  at  the  corresponding  electrolyte  compositions  (the  data  for  electrolytes  containing  90  g 
Fe‘*^'’'  +  10  g  Ni'*"'’  per  liter,  and  90  g  Ni''’'’'  +  10  g  Fe'*"*’  per  liter  respectively  may  be  compared).  The  absolute 
concentration  of  metal  ions  in  the  electrolyte  has  onlya  slight  effect  on  the  contents  of  the  components  in  the 
deposit  in  the  concentration  range  studied  (from  60  to  110  g/liter);  variations  of  the  relative  proportions  of 
[Fe'*"*’]  and  [Ni"*"*^]  have  much  more  effect,  except  in  the  region  from  60  to  25*^0  Ni'*^'*’  in  the  electrolyte,  in  which 
the  variations  of  the  deposit  composition  with  the  electrolyte  composition  are  relatively  small.  It  was  therefore 
particularly  important  to  maintain  a  constant  component  ratio  in  the  electrolyte. 

Experiments  showed  that  in  the  range  of  deposit  compositions  from  10  to  90^  Ni  the  current  efficiency 
(cathodic)  is  virtually  lOO^o,  probably  as  the  result  of  considerable  depolarization  of  the  electrode  owing  to  for¬ 
mation  of  a  solid  solution;  if  one  of  the  deposited  metals  is  alloyed  with  less  than  lO^o  of  the  other,  hydrogen 
begins  to  be  liberated  together  with  metal,  and  the  current  efficiency  therefore  falls  somewhat.  The  current 
efficiency  for  pure  nickel  at  40  amps /dm*  and  70*  is  99%,  and  for  iron  under  the  same  conditions,  98.6%. 

Thus,  at  low  contents  of  one  of  the  metals  in  the  alloy  three  kinds  of  ions  are  discharged  simultaneously  “* 
the  main  metal,  the  alloying  metal  and  hydrogen. 

As  the  anodes  do  not  become  passive,  the  anodic  current  efficiencies  both  for  iron  and  for  nickel  in  elec¬ 
trolytes  of  the  above-named  compositions  are  100%. 

It  follows  from  the  foregoing  that  a  very  convenient  method  for  maintaining  constant  electrolyte  composi¬ 
tion  is  the  use  of  separate  anodes.  With  50%  of  Fe  in  the  deposit,  the  current  strengths  at  the  iron  and  nickel 
anodes  are  in  1 : 1  ratio.  If  the  ratio  of  the  current  strengths  at  the  anode  is  varied,  the  composition  of  the  elec- 
trol)rte  and  therefore  of  the  deposit  changes;  this  is  illustrated  by  the  example  in  Fig.  4. 

Thus,  the  following  conditions  may  be  recommended  for  the  production  of  iron  “  nickel  alloy  coatings  of 
any  desired  composition;  1)  electrolyte  containing  L[Fe'*"*^,  [Ni"*"*^]  100  g/liter  (calculated  as  the  metals,  but  in 
chloride  form),  citric  acid  15  g/liter,  pH  =  3.0±0,l;  2)  operating  conditions;  Dj.  =  40  amps/dm*,  temperature 
7  0*  3)  anodic  current  densities  at  the  iron  and  nickel  anodes  selected  in  accordance  with  the  ratio  of  the 
metals  in  the  alloy  for  the  given  electrolyte  composition,  as  shown  in  Fig.  3. 

Compact  coatings  are  obtained  by  this  method;  in  a  number  of  instances  (dependent  on  the  composition) 
they  are  semibright  or  bright.  Coatings  up  to  0.5  mm  thick  or  more  can  be  obtained. 

In  conclusion,  the  author  thanks  V.  S.  Daniel'- Bek  for  suggesting  the  subject  of  this  investigation  and  for 
guidance,  and  O.  K.  Ritter  for  analytical  determinatiais. 
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THE  DISCHARGE  MECHANISM  OF  A  POWDERED- ZINC  ELECTRODE 

V .  N.  F lerov 

The  A.  A.  Zhdanov  Polytechnic  Institute,  Gor’kii 


During  recent  years  the  attention  of  investigators  and  users  has  been  increasingly  drawn  to  the  group  of 
alkali  —  zinc  sources  of  current  (copper  —  oxide  cells,  air-depolarization  cells,  mercury  —  oxide  cells,  and  silver  — 
zinc  and  nickel  —  zinc  storage  cells).  The  common  feature  of  all  these  systems  is  the  use  of  zinc  as  the  nega¬ 
tive  electrode  and  of  alkali  solution  as  electrolyte. 

Together  with  its  well-known  merits  (ready  availability,  high  negative  potential,  etc.),  the  solid  zinc 
electrode  has  a  number  of  disadvantages.  These  disadvantages  hindered  further  increases  in  the  specific  capacity 
of  alkali  —  zinc  systems  and  the  production  of  powerful  storage  batteries  with  the  use  of  these  electrodes.  Among 
the  most  important  defects  is  passivation  of  the  electrode  which  occurs  at  high  discharge  rates  or  when  the  elec¬ 
trolyte  is  highly  saturated  with  zincate.  The  onset  of  passivity  could  only  be  retarded  by  the  use  of  optimum  cur¬ 
rent  densities  [1,  21  or  of  special  additives  [3]. 

The  problem  of  the  zinc  anode  with  low  tendency  to  passivity  was  solved  by  the  introduction  of  the  powder 
electrode.  Such  electrodes  were  first  suggested  as  long  ago  as  1936  [4,  5],  and  introduced  industrially  during  the 
Second  World  War.  Powdered-zinc  electrodes  are  now  used  in  silver  —  zinc  storage  batteries  [6],  mercury  —  oxide 
cells  [7],  and  certain  types  of  cells  with  air  depolarization  [8]. 

Despite  the  great  practical  importance  of  such  electrodes,  there  are  hardly  any  publications  dealing  with 
their  action  mechanism. 

The  purpose  of  the  present  investigation  was  to  study  the  discharge  characteristics  of  powdered-zinc  elec¬ 
trodes  in  alkaline  electrolytes. 


EXPERIMENTAL 

Powdered- zinc  electrodes  were  made  by  two  methods;  1)  by  briquetting  of  a  mixture  of  100  parts  of  zinc 
dust  and  8  parts  of  K2CO3  solution,  1.10,  under  a  pressure  of  100  kg/cm*;  2)  briquetting  of  electrolytic  zinc  pow¬ 
der  at  100  kg/cm*  pressure  for  production  of  high-porosity  electrodes  (p  atbO^o)  and  at  ~  3.5  tons/cm*  for  the 
production  of  low-porosity  electrodes  (p»l8‘7o). 

Zinc  powder  was  prepared  by  electrolysis  of  a  zincate  solution  containing  5  N  NaOH^Qj^j,  0.5  N  Zn,  at 
Dj,  ^  =  2.0  amps/dm^  and  room  temperature,  with  the  use  of  zinc  anodes  and  an  iron  zinc-coated  cathode  [9]. 
The  spongy  zinc  deposit  was  washed  free  from  alkali  by  repeated  decantation  in  water  saturated  with  CC)2.  The 
filtered  deposit  was  dried  rapidly  at  150-170*  in  air.  The  powder  had  bulk  density  0.75  g/cc,  and  contained 
96-977o  of  metallic  zinc. 

Solid  zinc  electrodes  were  cast  from  Ts-0  grade  zinc. 

The  zinc  electrodes  were  discharged  in  pairs  with  inert  (nickel)  or  with  copper  —  oxide  electrodes,  made 
with  a  combustible  binder. 

Rectangular  cells  ~  250  ml  in  capacity  were  used  for  experiments  on  passivation  of  zinc  anodes  in  pure 
alkalies.  The  onset  of  passivity  in  such  an  anode,  operating  in  a  pair  with  an  inert  electrode,  was  indicated  by 
an  abrupt  jump  of  potential,  measured  by  means  of  the  PPTVl  potentiometer. 
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TABLE  1 


Cells  of  the  copper  “  copper  oxide  type,  each 
assembled  from  a  zinc  and  two  copper  “  oxide  elec¬ 
trodes  freely  suspended  in  the  vessel,  were  discharged 
until  the  zinc  electrode  was  completely  passive;  the 
capacity  was  determined  by  means  of  a  copper  coulo- 
meter.  The  high-porosity  zinc  electrodes  were  wrapped 
in  2  layers  of  cellophane  and  assembled  in  cells,  with 
more  dense  packing  in  organic  glass  vessels.  The  cello¬ 
phane  was  previously  washed  free  from  glycerol  and 
then  treated  with  MgClj  solution.  There  was  an  excess 
of  the  active  materials  of  the  positive  and  negative 
electrodes,  and  a  deficiency  of  the  electrolyte,  in  all 
the  cells. 

The  tests  were  performed  in  a  thermostat  with  a 
mercury  —  toluene  thermoregulator,  regulated  to  within 

±0.1*. 

The  methods  used  for  determination  of  zinc  and  alkali  in  the  electrolytes  were  described  previously  [10]. 
All  the  materials  used  were  of  chemically  pure  or  reagent  grade. 

The  porosity  (packing  density  of  the  particles)  has  the  greatest  influence  on  the  characteristics  of  a  pow¬ 
dered-zinc  electrode. 

TABLE  2 

Effects  of  Type  of  Zinc  Electrode  and  Electrolyte  on  Cell  Capacity  t  =  +20*  I  =  80 
ma,  =  0.53  amp/dm*  (40  ml  of  electrolyte) 


1  ^ 

~D 

.g 

c  u 

Cell  No. 

Type  of  zinc 
electrode 

Electrolyte 

Capacity 

(amp-hr) 

Specific  c 
sumption 
electrolyt 
(ml/amp- 

E 

'> 

(4  O 
*3 

Solid 

9.55* 

4.19 

199 

2 

The  same 

9.55* 

4.19 

196 

3 

Powder 

P^18'Vo 

9.5  N  KOI! 

5.82 

6.88 

151 

4 

Powder 

5.82 

6.88 

153 

P^lS'Vo 

5 

Solid 

7.31 

5.48 

116 

(> 

The  same 

7.09 

5.65 

120 

7 

Powder 

.5.8  N  KOII 

3.54 

11.3 

88 

7.^18% 

1 

S 

The  same 

J 

3.07 

10.9 

90 

9 

Solid 

5.4 

7.41 

145 

10 

The  same 

5.5 

7.28 

148 

11 

Powder 

5  N  NaOM 

3.10 

12.9 

90 

12 

/>^l80/o 

The  same 

.3.04 

13.1 

88 

•  Cells  taken  off  discharge  before  passivation  of  zinc  electrode. 


Time  for  Passivation  of  Zinc  Anodes  in  Pure  Alkalies 
Temperature  20* 


Type  of 
zinc  electrode 

1  NaOH  (1.9) 

KOII  (1.40) 

passivation  time  (min)  at 
different  Da 

6  (amp  /dm*) 

18  &mp  / 

l/Sn*) 

9  (amp  / 
/dm*) 

Powdered  f 

10 

12 

10 

(/>^180/o)  ) 

11 

10 

9 

32 

34 

11 

Solid  1 

35 

36 

10.5 

A  powdered-zinc  electrode  of  low  porosity  becomes  passive  in  pure  alkalies  much  more  rapidly  than  a 
solid  electrode  (Table  1).  This  effect  is  observed  in  alkalies  of  different  concentrations  and  at  different  current 
densities;  the  time  required  for  passivation  becomes  approximately  the  same  for  both  types  of  electrode  only  at 
very  high  D^. 
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The  nature  of  the  passive  films  differs  on  electrodes  of  the  two  different  types.  Whereas  a  dark  gray  filpi 
is  formed  on  solid  electrodes,  powder  anodes  after  passivation  are  coated  with  a  white  deposit  with  a  dark  gray 
film  under  it. 

Low- porosity  powder  electrodes  also  become  passive  more  rapidly  when  used  in  cells,  i.e.,  during  discharge 
at  moderate  current  densities  in  an  electrolyte  with  a  gradually  increasing  zincate  concentration  (Table  2). 

Powdered-zinc  electrodes  of  high  porosity  (p  w  b(fh)  have  entirely  different  characteristics.  Such  electrodes 
do  not  become  passive  even  at  relatively  high  current  densities,  although  they  are  wrapped  in  cellophane  film 
which  prevents  diffusion  of  the  electrolyte.  Cells  with  such  electrodes  became  inoperative  only  after  most  of  the 
active  material  had  been  consumed.  The  specific  electrolyte  consumption  is  much  lower  in  such  cells  than  in 
cells  with  solid  or  powdered  electrodes  of  low  porosity,  not  wrapped  in  cellophane  (Tables  2,  3).  The  latter  types 
of  electrodes,  wrapped  in  cellophane,  are  useless  in  practice  —  they  rapidly  become  passive  when  put  on  discharge 
(Table  3). 

TABLE  3 

Effect  of  Type  of  Zinc  Electrode  on  Cell  Capacity  t  =  +20®,  =  0.65  amp/ dm*,  5  ml  of 

electrolyte  (zinc  electrodes  wrapped  in  2  layers  of  cellophane) 


Capacity 

Type  of  zinc  electrode 

solid 

powdered 

V  ~  IS'/o 

power 

P  -  50% 

from  zinc 

power  j 
P  ~  50% 

.from  zinc 
dust  , . 

1  P  ~  40% 

5.8  N  KOH 

5  N  NaOH 

Output  capacity 
(amp-hr) 

Specific  electrolyte  con¬ 
sumption  (ml/amp-hr) 

0.15 

:t.3.3 

0.35 

1/|.3 

4.2 

1.10 

i 

'•.3 

1.16 

3.3 

1.51 

3.2 

1.56 

3.7 

1.35 

3.9 

1.28 

2.7 

1.85 

2.5 

•  2.0 

Note;  Zinc-dust  electrodes  were  charged  until  hydrogen  began  to  evolve  before  being  put  on 
discharge. 

The  zincate  concentration  of  the  electrolyte  does  not  reach  such  high  values  with  the  use  of  powdered- 
zinc  anodes  as  in  cells  with  solid  electrodes  (Table  2).  In  cells  with  powder  electrodes  (not  wrapped  in  cello¬ 
phane)  the  electrolyte  became  turbid  and  a  ZnO  precipitate  appeared  soon  after  the  start  of  discharge.  Because 
of  the  lower  zincate  concentration,  an  electrolyte  obtained  after  discharge  of  powder  electrodes  shows  very  little 
aging  effects,  in  contrast  to  electrolytes  from  cells  with  solid  electrodes  (Table  4). 

If  the  powder  electrodes  are  wrapped  in  cellophane,  the  decrease  of  the  zinc  concentration  in  the  elec¬ 
trolyte  is  still  greater  (Table  5).  Such  electrolytes  do  not  undergo  aging  even  at  elevated  temperatures. 

DISCUSSION  OF  RESULTS 

It  is  seen  that  two  of  the  defects  found  in  solid  zinc  electrodes  in  zincate  solutions  can  be  eliminated  al¬ 
most  completely  by  the  use  of  high-porosity  powdered-zinc  electrodes.  Powdered-zinc  electrodes  do  not  become 
passive  even  at  high  current  densities.  The  electrolyte  in  which  such  an  electrode  is  discharged  is  almost  free 
from  aging.  Because  of  this  last  fact,  the  loss  of  active  material  from  the  zinc  electrode  of  an  alkaline  storage 
cell  by  spontaneous  precipitation  of  zinc  oxide  or  hydroxide  from  the  electrolyte  can  be  avoided. 

In  our  opinion  the  difference  between  the  properties  of  powder  and  solid  electrodes  cannot  be  attributed 
merely  to  the  lower  actual  current  density  on  the  powder  electrode,  which  has  the  greater  surface.  If  this  was 
the  case,  the  porosity  of  the  electrode  should  not  have  such  a  pronounced  influence  on  its  behavior.  The  absence 
of  any  appreciable  difference  of  polarization  between  solid  and  powder  (unwrapped)  electrodes,  and  the  different 
maximum  zincate  concentrations  in  electrolytes  after  discharge  of  these  electrodes,  indicate  that  the  influence 
of  surface  area  is  more  complex. 
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TABLE  4 


Aging  of  Zincate  Electrolytes  from  Cells  with  Different  Types  of  Zinc  Electrodes,  at  t  =  +20* 


Type  of 
zinc  electrode 

Electrolyte 

Zinc  concentration  (g/ liter)  after 
aging  time  (days) 

0 

1 

.3 

7 

15 

30 

Solid 

167 

196 

194 

172 

148 

132 

Powder 

152 

152 

152 

151 

149 

141 

Solid 

119 

115 

106.5 

92.5 

78.7 

61.7 

Powder 

>  1\ 'Jll  \D,o  IN  ;  < 

88 

88 

88 

88 

88 

88 

Solid 

146 

117 

100.5 

88.1 

80 

73.5 

Powder 

I  iNaUII  (D  N;  < 

88.5 

88.5 

88.5 

87.2 

84.3 

81.2 

We  consider  that  these  differences  are  due  to  differences  in  the  character  of  the  hydroxide  film  formed 
on  the  surface  of  the  zinc  electrode  during  discharge  [3], 

If  the  zincate  concentration  in  the  electrolyte  is  considerable,  or  if  the  current  density  is  high,  a  permanent 
film  of  zinc  hydroxide  (or  oxide)  is  formed  on  the  surfaces  both  of  powder  and  of  solid  zinc  anodes.  However, 
whereas  the  thickness  of  this  film  on  a  solid  electrode  increases  relatively  slowly,  because  part  of  it  passes  into 
solution  in  the  form  of  zincate  ions  or  colloidal  particles  [11],  the  situation  is  somewhat  different  with  a  powdered- 
zinc  anode. 

Tlie  hydroxide  film  on  an  individual  zinc  particle  should  behave  similarly  to  the  film  on  solid  zinc  so  long 
as  some  unused  metal  remains  in  the  particle  (or,  more  accurately,  while  current  can  reach  it).  When  the  particle 
is  fully  discharged,  a  relatively  large  hydroxide  film  is  left.  The  next  zinc  particle  entering  the  discharge  re¬ 
action  begins  to  form  its  own  hydroxide  film.  The  hydroxide  remaining  after  discharge  of  the  previous  particle 
undergoes  fairly  rapid  aging,  both  because  of  its  large  size  and  because  of  its  distance  from  the  reaction  zone. 
Aging  can  continue  up  to  formation  of  ZnO,  which  partially  remains  on  the  electrode  surface. 


TABLE  5 

Concentration  of  Zinc  in  Electrolytes  of  Nickel  -*  Zinc  Storage  Cells 


Electrolyte 

KOH 

KOH 

KOH 

NaOH 

(1.20) 

(1.30) 

(1.40) 

(1.19) 

Zinc  concentration 
(g/liter) 

25 

45 

61 

31 

Note:  Discharged  cells  used  for  several  cycles  were  used  for  the 
analysis. 

In  our  opinion,  the  constant  renewal  of  the  acting  electrode  surface  is  the  most  important  cause  of  the 
more  rapid  formation  of  a  2LnO  film  on  the  surface  of  a  powdered-zinc  anode. 

If  the  porosity  of  such  an  electrode  is  low  and  the  zinc  particles  are  closely  packed,  then  a  continuous 
oxide  film  of  low  porosity  is  formed  on  its  surface.  The  low  porosity  of  this  film  is  due  not  only  to  the  close 
initial  packing  but  also  to  the  greater  volume  of  the  discharge  products  as  compared  with  the  original  material. 
The  more  rapid  aging  of  the  hydroxide  (or  oxide)  film  on  a  powder  electrode  results  in  more  rapid  passivation 
(Tables  1  and  2). 
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In  powdered-zinc  electrodes  of  high  porosity  the  anode  film  also  ages  more  rapidly,  but  this  film  is  no 
longer  continuous.  The  products  of  discharge  are  formed  in  a  loose  state,  owing  to  the  highly  porous  packing  of 
the  active  electrode  material.  Because  of  the  porous  character  of  the  oxide  film,  such  electrodes  are  much  less 
prone  to  passivation  than  solid  electrodes  (Table  3). 

In  addition  to  porosity,  particle  size  and  surface  area  must  undoubtedly  have  a  strong  influence.  Electrodes 
with  larger  active  particles,  which  have  a  smaller  specific  surface,  are  closer  to  solid  electrodes  in  their  pro¬ 
perties.  The  observed  decrease  of  the  capacity  of  powdered- zinc  electrodes  in  alkali  “  zinc  cells  with  the  num¬ 
ber  of  service  cycles  is  due,  in  our  opinion,  to  the  gradual  growth  of  the  particles  of  active  material,  which  is 
mainly  the  consequence  of  aging  processes. 

If  a  high-porosity  powder  anode  is  regarded  as  an  aggregate  of  microanodes,  it  is  seen  that  the  nature  and 
concentration  of  the  electrolyte  should  primarily  influence  the  degree  of  utilization  of  the  active  material  (Table 
4).  An  electrolyte  in  which  a  porous  hydroxide  (or  oxide)  film  is  formed  on  the  individual  zinc  particles  should 
favor  their  more  complete  "conversion".  An  important  role  is  also  played,  no  doubt,  by  the  degree  of  electronic 
conductivity  of  the  ZnO  formed,  which  is  a  semiconductor  [12]. 

Accelerated  aging  of  the  solid  discharge  products,  which  form  a  film  on  the  surface  of  the  powder  elec¬ 
trode,  retards  the  conversion  of  zinc  into  the  ionic  state  (Table  2).  This  is  caused  by  the  hindered  access  of  elec¬ 
trolyte  to  the  active  forms  of  zinc  hydroxide  present  within  the  depth  of  the  anodic  film.  If  the  powder  electrode 
is  wrapped  in  cellophane,  the  zincate  concentration  in  the  outer  electrolyte  space  is  lowered  still  further  because 
the  colloidal  phase  cannot  pass  through  the  semipermeable  cellophane.  The  decrease  of  zinc  concentration  leads 
to  sharp  retardation  of  electrolyte  aging,  as  was  reported  earlier  [10]  (Tables  4,  5). 

SUMMARY 

1.  The  discharge  characteristics  of  powdered-zinc  electrodes  of  different  porosities,  and  the  properties  of 
the  zincate  electrolytes  formed  in  the  discharge  of  these  electrodes  were  studied;  it  was  found  that  low-porosity 
powder  electrodes  become  passive  more  rapidly  than  solid  electrodes,  whereas  highly-porous  electrodes  wrapped 
in  cellophane  do  not  become  passive  even  at  relatively  high  current  densities. 

2.  The  maximum  zincate  concentration  In  the  electrolyte  is  lower  in  the  discharge  of  powder  than  of 
solid  electrodes.  The  former  solutions  are  almost  free  from  aging  effects. 

3.  The  differences  between  the  discharge  characteristics  of  powdered  and  solid  electrodes  are  attributed 
to  constant  renewal  of  the  acting  surface  of  a  powdered  electrode  and  to  the  more  rapid  aging  of  the  hydroxide 
film  formed  on  the  electrode  surface  during  discharge. 
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THE  PROTECTIVE  ACTION  OF  VOLATILE  INHIBITORS  AND  ANTICORROSION 
GREASES  AT  TROPICAL  TEMPERATURES  AND  HIGH  HUMIDITIES* 


B.  E.  Piskorskii  and  E.  M.  Il'ina 


The  use  of  volatile  inhibitors  has  become  very  prominent  in  recent  years  for  the  prevention  of  corrosion, 
mainly  of  steel  articles.  These  inhibitors  vary  greatly  in  composition;  they  are  nearly  all  cyclic  or  aliphatic 
organic  compounds.  They  are  mostly  salts  of  weak  bases  or  organic  acids,  nitrite  esters,  or  compounds  contain¬ 
ing  nitro,  nitroso,  or  amino  groups.  Their  vapor  pressures  are  generally  low  and  the  solubility  in  water  is  slight. 

Among  the  numerous  volatile  inhibitors,  dicyclohexylammonium  nitrite  (known  by  the  trade  name  of 
Dichan)  is  most  widely  used  abroad. 

It  was  desired  to  compare  the  protective  action  of  this  inhibitor  with  that  of  liquid  anticorrosion  greases 
which  are  used  with  success  at  some  of  our  factories,  and  also  of  certain  other  effective  volatile  inhibitors. 

The  experiments  were  performed  under  conditions  approximating  to  those  in  tropical  countries:  ~  98*70 
relative  humidity,  and  temperatures  of  57-63". 

The  following  liquid  anticorrosion  greases  were  tested. 

1)  Vaseline  oil  with  addition  of  2%  montanon  barium  soap  [2].  Montanon  is  an  artificial  wax  obtained 
by  extraction  from  bituminous  brown  coals;  it  was  saponified  with  barium  hydroxide  at  about  200",  and  the 
soap  was  dissolved  in  vaseline  oil  at  170-180“  deg. 

2)  Chromate  grease  “  vaseline  oil  containing  10*70  suspended  potassium  chromate  and  2*7®  ozokerite  [2]. 

3)  Thin  grease:  10*70  gasoline  solution  of  a  melt  of  aluminum  oleate  and  ozokerite  [3]. 

The  degree  of  corrosion  was  estimated  visually  on  a  six-mark  scale  [1].  Mark  1  means  that  the  whole  sur¬ 
face  of  the  specimen  is  covered  with  rust;  mark  6  means  absence  of  rust.  Marks  2,  3,  4,  and  5  indicate  the  de¬ 
gree  of  rusting  in  decreasing  order.  This  method  gives  a  reliable  picture  for  comparison  of  several  specimens. 

A  second  characteristic  of  the  protective  power  of  a  grease  cx  volatile  inhibitor  is  the  "protection  co¬ 
efficient"  [2].  It  is  given  by  the  formula 


K, 


p-1  -a„  * 


where  a  is  the  ratio  of  the  total  marks  of  the  protected  specimens  to  the  maximum  total  marks,  i.e.,  to  the 

Z^ct 

marks  if  no  corrosion  took  place;  a  =-“■ - ;  a^  is  the  corresponding  ratio  for  specimens  not  protected  by  grease 

^max 

or  volatile  inhibitor. 

If  the  protection  is  complete  Kp  =  1,  and  if  there  is  no  protection  at  all  a  =  a^  and  Kp  =  0. 


*  Communication  V  in  the  series  on  the  rusting  of  steel  articles  during  production  and  storage  [1  “  3]. 
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Specimens  of  low-carbon  steel  strip  were  used  for  the  corrosion  tests  in  our  investigations.  The  test  speci¬ 
mens  were  suspended  from  glass  hooks  in  desiccators  containing  water,  in  presence  and  in  absence  of  volatile  in¬ 
hibitor.  Some  of  the  specimens  were  coated  with  anticorrosion  greases  in  order  to  determine  the  effects  of  inhibi¬ 
tors  on  the  protective  powers  of  the  greases. 

TABLE  1 

Comparative  Corrosion  Resistance  Tests  with  Protection  by  Volatile  Dihibitors  and  Liquid  Greases 
(Steel  strip  specimens  were  tested  (4  in  each  test)  at  relative  humidity  ~98‘7o,  temperature  57®,  time  26 
days;  volatile  inhibitor  in  powder  form  spread  in  a  uniform  layer  overa  porcelain  plate  54  cm*  in  area; 
desiccator  volume  1  liter) 


0.42 
0.68 

1  No  corrosion 

0.14 
0.56 

0.94  1  point  on  60  cm* 

surface 

0.35 
0.68 

1  No  corrosion 

0.37 
0..56 

0.79 

0  Specimens  almost 

completely  rusted 

0.47 

1  No  corrosion 

The  amount  of  volatile  inhibitor  in  each  desiccator  was  such  that  its  vapor  concentration  in  the  desiccator 
was  constantly  at  a  maximum.  The  desiccators  were  put  in  a  thermostatically  controlled  chamber  and  opened 
at  intervals  to  replenish  the  oxygen  consumed  in  rusting.  The  experimental  temperamre  was  lowered  twice  to 
room  level  for  short  intervals  in  order  to  produce  abundant  dew. 

Tlie  results  of  the  tests  are  given  in  Tables  1  and  2. 

It  follows  from  the  data  in  Table  2  that  the  volatile  inhibitors  tested,  including  Dichan,  are  considerably 
inferior  in  protective  properties  to  the  liquid  anticorrosion  greases.  For  example,  a  grease  containing  '2F}o  of  mon- 
tanon  barium  soap  protected  the  metal  completely  against  corrosion  in  Experiments  1,  III,  and  V,  while  in  Experi¬ 
ment  II  corrosion  was  insignificant  (one  point  on  4  specimens,  i.e.,  per  60  cm*  of  surface).  The  presence  of  in¬ 
hibitor  had  no  appreciable  effect  on  this  grease.  The  protective  effect  of  the  thin  grease  was  increased  consider¬ 
ably  in  presence  of  volatile  inhibitors,  especially  Dichan  (Experiments  I,  III,  and  V),  but  its  protective  effect  was 
greater  than  that  of  the  volatile  inhibitors,  although  not  to  the  same  extent  as  the  effect  of  the  grease  with  mon- 
tanon  barium  soap. 

For  investigation  of  the  protective  effect  of  liquid  anticorrosion  greases  at  tropical  temperatures  and  high 
humidity  in  absence  of  volatile  inhibitors,  the  steel  strip  specimens  coated  with  the  greases  were  exposed  for  26 
days  at  a  higher  temperature  (63*)  and  ~  98‘7o  relative  humidity.  The  results  of  the  tests  are  given  in  Table  2. 


Composition  of  volatile 
inhibitor  and  grease 


Average 

mark 


Desiccator  with  dicyclohexylammonium 
nitrite  (Dichan): 

1)  specimens  without  grease 

2)  tnin  grease 

3)  vaseline  oil  +  27o  montanon 
barium  soap 

Desiccator  with  dicyclohexylammonium 
benzoate: 

1)  specimens  without  grease 

2)  tnin  grease 

3)  vaseline  oil  +  27o  montanon 
barium  soap 

Desiccator  with  urea: 

1)  specimens  without  grease 

2)  tnin  grease 

3)  vaseline  oil  +  2%  montanon 
barium  soap 

Desiccator  with  a  mixture  of  urea  and 
sodium  nitrite  (50^o): 

1)  specimens  without  grease 

2)  tnin  grease 

3)  vaseline  oil  +  2%  montanon 
barium  soap 

Desiccator  without  volatile  inhibitor: 

1)  specimens  without  grease 

2)  thin  grease 

3)  vaseline  oil  +  2%  montanon 
barium  soap 


Notes 


TA  BLE  2 

Protective  Effects  of  Liquid  Anticorrosion  Greases  at  63*  and  ~  98%  Relative  Humidity 
in  Tests  Lasting  26  Days;  Steel  Strip  Specimens  (4  per  test)  Were  Tested 


Grease 
No.  I 

Grease 

Average 

mark 

Kp 

Notes 

1 

Vaseline  oil  with  2%  montanon 
barium  soap 

5.5 

0.89 

2  points  on  60  cm* 

2 

Same  grease  +  4%  ceresin 

5.0 

0.77 

surface 

3 

Same  grease  +  10%  ceresin 

4.0 

0.60 

4 

Same  grease  +  10%  lanolin 

6 

1 

No  corrosion 

5 

Thin  grease 

2.75 

0.28 

6 

Same  grease  +  5%  lanolin 

3.50 

0.44 

7 

Vaseline  oil  +  10%  lanolin 

3.75 

O.M 

8 

Pure  vaseline  oil 

2.75 

0.28 

9 

Chromate  grease 

5.0 

0.64 

10 

Same  grease  +  5%  lanolin 

5.5 

0.89 

11 

Specimens  without  grease 

1 

1.5 

0 

Specimens  almost 

1 

completely  ruste 

It  follows  from  Table  2  that  at  high  humidities  and  tropical  temperatures  the  liquid  anticorrosion  greases 
with  additions  of  montanon  barium  soap,  and  chromate  greases,  have  considerably  higher  protective  effects  then 
volatile  inhibitors  (Table  1). 

Despite  the  more  severe  test  conditions  (63*),  the  grease  with  added  montanon  barium  soap  and  chro¬ 
mate  grease  gave  good  results.  Additions  of  lanolin  increased  the  protective  effects  of  all  the  anticorrosion 
greases  tested;  it  is  seen  in  the  table  that  a  grease  with  2%  montanon  barium  soap  and  10%  lanolin  gave  complete 
protection  against  corrosion  (Table  2,  No.  4). 

Protection  with  volatile  inhibitors  alone  was  not  very  effective  (Table  1). 

Only  the  thin  grease  was  influenced  by  the  volatile  inhibitor;  its  protective  effect  was  intensified  appreci¬ 
ably  by  10%  solution  of  aluminum  oleate  in  gasoline. 

It  should  be  noted  that  our  results  are  at  variance  with  the  findings  of  certain  American  workers  [4,  5]  who 
state  that  dicyclohexylammonium  nitrite  (Dichan)  is  superior  to  the  best  anticorrosion  greases  in  its  effect. 

According  to  Baker  [5],  steel  specimens  tested  at  66*  in  an  atmosphere  of  about  98%  relative  humidity 
for  168  hours  (7  days)  in  presence  of  Dichan  or  a  mixture  of  sodium  nitrite  and  urea  were  not  corroded.  Neverthe¬ 
less,  he  recommends  preliminary  greasing  of  steel  articles,  followed  by  the  use  of  a  volatile  inhibitor,  for  protec¬ 
tion  against  corrosion.  His  claim  that  the  protective  power  of  the  grease  is  increased  in  presence  of  volatile  in¬ 
hibitors  is  confirmed  by  our  experiment,  but  only  for  the  thin  grease. 

Wachter  [4]  performed  prolonged  open-air  tests  on  steel  specimens  coated  with  various  anticorrosion  greases 
and  wrapped  in  inhibitor  paper.  Parallel  tests  were  performed  in  the  same  packing  on  ungreased  specimens  and 
greased  specimens  without  volatile  inhibitor.  The  outer  packing  consisted  of  waterproof  paper  sealed  with  wax  at 
the  corners.  Wachter  found  that  inhibitor  paper  impregnated  with  Dichan  completely  protected  ungreased  speci¬ 
mens  from  corrosion  during  5-year  tests.  Greased  specimens  were  slightly  corroded  in  presence  of  Dichan;  greased 
specimens  without  Dichan  were  appreciably  corroded  (85%  of  the  total  surface).  Our  accelerated  tests  under  more 
severe  conditions  gave  results  which  do  not  agree  with  these  data. 

SUMMARY 

1.  Tests  showed  that  although  the  use  of  volatile  inhibitors  is  very  convenient,  their  protective  action  at 
high  humidities  and  elevated  temperatures  is  considerably  inferior  to  the  effect  of  the  anticorrosion  greases  tested 
by  us  earlier. 
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2.  Dichan,  urea,  and  niixtu’cs  of  urea  with  sodium  nitrite  increase  appreciably  the  protective  effect  of 
thin  grease  but  have  no  effect  on  the  other  liquid  anticorrosion  greases  tested. 

3.  A  grease  containing  2%  montanon  barium  soap  and  10*7o  lanolin  gave  complete  protection  against  corro¬ 
sion  in  26-day  tests  at  approximately  98*70  relative  humidity  and  63', 
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STUDY  OF  THE  PROTECTIVE  ACTION  OF  MIXTURES  OF  CORROSION 
INHIBITORS  IN  NEUTRAL  MEDIA 

A.  S.  Afanas'ev  and  G.  V.  Zhuk 
The  Dnepropetrovsk  State  University 


Inhibitors,  which  are  substances  which  retard  corrosion  in  neutral  and  almost  neutral  media,  are  used  with 
success  for  prevention  of  corrosion.  Such  inhibitors  are  also  effective  against  submerged  corrosion.  Several 
corrosion  inhibitors  of  practical  importance  were  studied  by  Rozenfel'd  [1]. 

Inhibitors  are  often  more  effective  when  used  Jointly,  but  such  combinations  (mixtures)  of  inhibitors  have 
been  little  studied  from  the  quantitative  aspect  as  yet.  We  have  studied  a  number  of  mixtures  of  inhibitors  of 
atmospheric  corrosion,  suitable  for  technical  uses.  The  results  of  laboratory  tests  are  given  in  this  paper. 


EXPERIMENTAL 


The  tests  were  performed  on  specimens  of  St  20  steel  (20  X  SOX  0.3  mm  with  projection),  carefully  clean¬ 
ed  witli  NaO  and  No. 00  emery  cloth  and  degreased  by  3-fold  washing  with  freshly  distilled  alcohol. 

For  the  atmospheric  corrosion  (AC)  tests,  specimens  covered  with  filter  paper  or  moistened  with  the  original 
solution  (NaCl  0.030  g/liter,  Na2SQ4  0.070  g/liter,  as  used  by  Rozenfel'd  [1])  with  and  without  added  inhibitor 
were  suspended  from  stands  in  beakers  with  a  little  of  the  same  solution  on  the  bottom.  The  beakers  were  covered, 
but  the  air  in  them  was  renewed  at  intervals.  The  experimental  procedure  was  described  previously  [2].  Parallel 
tests  were  performed  with  submerged  corrosion  (SC),  similar  specimens  (not  covered  with  filter  paper)  being  com¬ 
pletely  immersed  in  the  same  solutions.  The  tests  lasted  up  to  5650  hours  at  room  temperature. 

All  the  specimens  were  weighed  to  the  nearest  0.1  mg  before  the  experiments,  and  after  complete  removal 
of  rust  by  cathodic  etching  in  alkali  [3].  Five  specimens  were  taken  for  each  experimental  point.  The  external 
appearance  of  the  specimens  was  observed  and  photographed  during  the  tests. 

The  following  inhibitors  were  added  to  the  original  solution;  sodium  nitrite  (NaNO^),  sodium  silicate 
(NajSiO^  •  9HjO.  NajOrSiOj  =  1.03dt0.03),  sodium  triphosphate  (Na3P04 •  12H20),  teclinical  triethanolamine 
NfCHjCH^OlOs,  Emulsol  B(GOST  19/5-53),  mixtures  of  sodium  nitrite  and  silicate,  mixtures  of  sodium  nitrite 
and  triethanolamine,  and  mixtures  of  Emulsol  and  sodium  triphosphate  and  silicate.  The  concentrations  are 
given  later  in  this  paper.  The  pH  was  determined  by  means  of  the  LP-5  electronic  potentiometer  and  a  glass 
electrode.  The  determinations  were  accurate  to  within  i  0.1  pH  unit. 

2 

The  weight  loss  K  was  calculated  in  grams  per  1  m  of  apparent  specimen  area,  and  the  protective  effect 
(Z)  was  expressed  in  percentages  [4].  The  subscripts  0  i,  and  m  to  K  and  Z  correspond  to  the  original  solution 
without  inhibitor,  inhibitor  solution  of  a  given  concentration,  and  solutions  of  a  mixture  of  the  same  inhibitor  with 
other  inhibitors. 

The  relative  effect  of  inhibitor  mixing  was  indicated  by  the  magnitude  and  sign  of  the  "mixing  effect" 

(E,  ‘7o).  E  is  the  relative  increase  or  decrease  of  the  protective  (or  stimulating)  action  of  the  component  inhibitors 
resulting  from  the  mixing  of  inhibitors,  the  concentrations  being  constant: 


Ki  -  A', 


ICO. 


143 


If  the  protective  effect  of  a  particular  inhibitor  is  intensified  when  it  is  mixed  with  another,  so  that  the 
second  "helps"  the  first,  E  >  0.  If  the  protective  effect  is  weakened,  and  the  second  inhibitor  appears  to  "hinder" 
the  first,  E<  0, 

The  main  inhibitor  of  a  mixture  was  taken  to  be  the  Inhibitor  with  the  highest  Zj,  and  the  others  were  sub¬ 
sidiary  inhibitors. 

The  main  mixing  effect  is  “  Zj  of  the  main  inhibitor.  The  subsidiary  mixing  effect  is  £5^(5^  = 

=  Zjj,  “  Zj  of  the  subsidiary  inhibitor. 

TEST  RESULTS 

Original  solution.  Table  1  shows  the  course  of  corrosion  of  specimens  in  the  original  solution  without  in¬ 
hibitors  (pH  =  5.9). 

TA  BLE  1 

Variations  of  the  Weight  Loss  of  St  20  Specimens  (K  in  g/m*) 

With  Duration  of  Test  in  the  Original  Solution  at  Room  Tem¬ 
perature 


Test 

Conditions 

Weight  loss  K 

(g/ m*)  after  test  time  (hours) 

315 

910 

1450 

2930 

3930 

5650 

7215 

AC 

50.7 

63.1 

69.2 

72.5 

105.5 

111.8 

— 

SC 

Ifi.l 

38.0 

45.7 

135.3 

153.3 

227.6 

242.6 

Mixture  of  sodium  nitrite  and  sili^te.  The  test  results  are  presented  in  Fig.  1  (AC)  and  2  (SC).  The  in¬ 
hibitor  concentrations  in  the  mixture  (in  g/liter)  are  shown  at  the  bottom  of  the  diagrams.  The  columns,  drawn 
to  scale,  show  the  weight  losses  of  the  specimens  (K  in  g/m*)  in  a  definite  time  in  the  original  solution,  in  solu¬ 
tions  of  sodium  nitrite,  sodium  silicate,  and  mixtures  of  these  inhibitors  in  the  concentrations  shown.  The  absence 
of  any  particular  column  means  that  there  is  no  appreciable  corrosion  in  the  corresponding  solution.  The  same 
notation  is  used  in  all  the  diagrams.  These  diagrams  show  both  the  inhibiting  and  the  stimulating  effects  of  in¬ 
dividual  inhibitors  (the  latter  effects  are  found  mainly  at  low  concentrations).  The  inhibitor  mixmres  studied  had 
only  a  retarding  effect  on  corrosion.  The  main  inhibitor  in  this  mixture  is  sodium  nitrite.  The  "mixing  effects" 
for  different  mixmres  of  these  inhibitors  are  given  in  Table  2. 

Mixmre  of  sodium  nitrite  and  triethanolamine.  The  test  results  are  presented  in  Fig.  3  (AC)  and  4  (SC). 

As  in  mixtures  of  sodium  nitrite  and  silicate,  the  main  inhibitor  in  this  case  is  sodium  nitrite. 

It  is  clear  from  Fig.  3  that  at  certain  concentrations  both  the  individual  inhibitors  and  their  mixmres  may 
have  either  inhibiting  or  stimulating  effects  on  the  atmo.spheric  corrosion  of  steel.  Fig.  4  (SC)  shows  that  mix¬ 
tures  and  individual  inhibitors  have  only  inhibiting  effects  (with  the  exception  of  nitrite  alone,  at  concentrations 
up  to  0.1  g/liter).  The  values  of  the  "mixing  effect"  for  different  mixtures  of  sodium  nitrite  and  triethanolamine 
are  given  in  Table  3. 

Mixtures  of  Emulsol,  sodium  silicate,  and  sodium  triphosphate.  The  test  results  are  presented  in  Fig.  5  (AC) 
and  6  (SC). 

Fig.  6  (AC)  shows  that  at  lower  inhibitor  concentrations  the  individual  inhibitors  and  their  mixtures  may 
have  either  inhibiting  or  stimulating  effects  (Fig.  5, a);  at  higher  concentrations  (Fig.  5,b)  only  inhibiting  effects 
are  found.  Fig.  6  (SC)  shows  that  only  sodium  silicate  at  certain  concentrations  can  have  either  an  inhibiting  or 
a  stimulating  effect;  the  other  inhibitors  and  their  mixtures  have  only  a  protective  effect  on  steel.  The  main  in¬ 
hibitor  in  these  mixmres  is  Emulsol.  The  values  of  the  mixing  effect  for  different  mixtures  of  Emulsol  and  sodium 
triphosphate  are  given  in  Table  4. 
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Fig.  1.  Variation  of  atmospheric  corrosion  of  St  20  specimens  with  the 
concentrations  of  sodium  nitrite  and  silicate  inhibitors  in  mixtures,  and 
with  duration  of  tests  at  room  temperature. 

Solutions;  1)  original,  2)  NaNOa  (N),  3)  Na2SI03  (W),  4)  mixture  of 
Na2S103  and  NaN02. 


K 


Fig.  2.  Variation  of  submerged  corrosion  of  St  20  specimens  with  the 
concentrations  of  sodium  nitrite  and  silicate  inhibitors  in  mixtures,  and 
with  duration  of  tests  at  room  temperature. 

Designations  as  in  Fig.  1. 

DISCUSSION  OF  RESULTS 

The  following  conclusions  may  be  drawn  from  the  results  of  the  investigation. 

1)  The  solutions  of  mixtures  of  sodium  nitrite  and  silicate  studied,  in  contrast  to  solutions  of  these  inhibitors 
taken  separately,  prevented  the  corrosion  of  steel  in  all  cases  (AC  and  SC).  Solutions  of  each  of  the  two  inhibi¬ 
tors  stimulate  the  corrosion  of  steel -*  sodium  nitrite  at  concentrations  up  to  0.1  g/liter  (AC  and  SC),  and  sodium 
silicate  up  to  0.5  g/liter  (AC)  and  0. 1-0.5  g/litcr  (SC).  Complete  protection  against  corrosion  (Z^‘=“100‘7o)  is 
given  by  sodium  nitrite  at  concentrations  above  2  g/liter  (AC)  and  1.5  g/liter  (SC),  and  by  sodium  silicate  above 
25  g/liter  (AC)  and  10  g/liter  (.SC).  For  complete  protection  of  steel  against  corrosion,  the  concentrations  of 
these  inhibitors  in  mixtures  should  be  not  less  than  2  g/liter  (AC)  and  1.5  g/liter  (SC). 

It  follows  from  the  data  in  Table  2  that  for  mixtures  of  these  inhibitors  the  main  mixing  effect  (Ej^j^j^jq^) 
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Fig.  3.  Variation  of  atmospheric  corrosion  of  St  20  specimens  with  the 
concentrations  of  sodium  nitrite  and  triethanolamine  inhibitors  in  mixtures, 
and  with  duration  of  tests  at  room  temperature. 

Solutions:  1)  original,  2)  NaNOjfN),  3)  triethanolamine  (E),  4)  mixtures 
of  NaNO{  and  triethanolamine. 
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Fig.  4.  Variation  of  submerged  corrosion  of  St  20  specimens 
with  the  concentrations  of  sodium  nitrite  and  triethanolamine 
inhibitors  in  mixtures,  and  with  duration  of  tests  at  room  tem¬ 
perature. 

Designations  as  in  Fig.  3. 


is  small,  while  the  subsidiary  effect  is  considerable.  It  is  therefore  useful  to  add  nitrite  to  sodium  silicate  used 
in  practice  as  a  corrosion  inhibitor. 

It  has  already  been  noted  that  if  sodium  nitrite  and  silicate  are  mixed,  the  stimulating  effects  of  low  con¬ 
centrations  of  these  inhibitors  are  completely  eliminated.  It  is  known  that  sodium  silicate  is  an  especially  ef¬ 
fective  inhibitor  for  aluminum  and  its  alloys,  even  in  strongly  alkaline  solutions  [1].  Our  experience  with  the 
use  of  these  inhibitors  for  protection  of  machine  parts  and  equipment  under  factory  conditions  shows  that  sodium 
silicate  acts  as  an  inhibitor  for  aluminum  and  its  alloys,  and  for  other  nonferrous  metals  and  alloys,  in  nitrite 
solutions.  Therefore  in  a  number  of  practical  cases  sodium  silicate  should  also  be  added  to  solutions  containing 
sodium  nitrite,  for  example,  to  wash  liquors  and  to  cooling  and  lubricating  fluids.  Since  sodium  silicate  has  a 
high  detergent  effect,  its  addition  to  wash  liquors  should  be  especially  useful. 
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TABLE  2 


Mixing  Effects  (E)  of  Mixtures  of  Sodium  Nitrite  and  Silicate  for  Different  Corrosion  Times  of 
St  20  Specimens  at  Room  Temperature 
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TA  BLE  3 


Mixing  Effects  (E)  of  Mixtures  of  Sodium  Nitrite  and  Triethanolamine  for  Different  Corrosion 
Times  of  St  20  Specimens  at  Room  Temperature 
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TABLE  4 

Mixing  Effects  (E)  of  Mixtures  of  Emulsol  and  Sodium  Silicate  and  Triphosphate  for  Different  Corrosion  Times  of  St  20  Specimens  at  Room  Temperature 
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Fig.  'S.  Variation  of  atmospheric  corrosion  of  St  20  specimens  with  the 
concentrations  of  Emulsol,  sodinm  silicate,  and  sodium  triphosphate  in¬ 
hibitors  in  mixtures,  and  with  duration  of  tests  at  room  temperature. 
Solutions:  1)  original;  2)  Na2Si03(W);  3)  Na3P04(T):  4)  Emulsol  (Em); 
S)  mixtures  of  Na2SiO^,  Na3P04  and  Emulsol. 


2)  Mixed  solutions  of  sodium  nitrite  and  triethanolamine  are  also  very  effective  in  protecting  steel  against 
corrosion  Complete  protection  (Zj»  lOd^o)  is  obtained  with  only  1  g  each  of  sodium  nitrite  and  triethanolamine 
per  liter  in  AC,  and  0,25  g/liter  of  sodium  nitrite  and  0.5  g/liter  of  triethanolamine  in  SC.  For  complete  pro¬ 
tection  of  steel  by  these  inhibitors  taken  individually,  more  than  2  g/liter  (AC)  or  1,5  g/liter  (SC)  of  sodium 
nitrite,  and  more  than  IG  g/liter  (AC)  or  32  g/liter  (SC)  of  triethanolamine  is  required. 

Consequently,  mixtures  of  sodium  nitrite  and  triethanolamine  are  very  suitable  for  the  prevention  of  corro¬ 
sion  (AC  and  SC)  of  steel.  Such  mixtures  liave  considerably  greater  protective  powers  than  either  of  the  inhibitors 
separately. 

Mixtures  of  sodium  nitrite  and  triethanolamine  give  high  positive  values  of  the  main  in  AC)  and 

subsidiary  in  AC  and  SC)  mixing  effects.  The  low  value  of  the  main  mixing  effect  (EjjaN02^ 

with  1  g/liter  of  sodium  nitrite  in  AC,  and  over  0.5  g/liter  in  SC  is  due  to  the  high  effectiveness  of  this  inhibitor 
individually  in  solutions  of  the  same  concentrations.  However,  even  in  this  case,  owing  to  the  additional  protec¬ 
tive  effect  which  results  from  the  mixing  of  these  inhibitors,  complete  protection  of  the  metal  is  ensured  even  if 
the  medium  should  accidentally  become  more  corrosive. 

3)  Mixed  solutions  of  Emulsol,  sodium  silicate,  and  sodium  triphosphate  are  ineffective  up  to  considerable 
concentrations  (Fig.  5).  Steel  is  completely  protected  against  corrosion  by  the  following  mixed  inhibitor  solu¬ 
tions:  Emulsol  200  g/liter  in  AC  and  25  g/liter  in  SC,  sodium  silicate  2  g/liter  in  AC  and  1  g/liter  in  SC,  and 
sodium  triphosphate  4  g/liter  in  AC  and  2  g/liter  in  SC;  and  higher  concentrations.  These  inhibitors,  taken  se¬ 
parately  in  the  same  concentrations,  do  not  give  complete  protection  to  steel  under  the  same  corrosion  conditions. 
Even  higher  concentrations  arc  ineffective  (for  example,  500  g/liter  of  Emulsol,  25  g/liter  of  sodium  silicate,  or 
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Fig.  6.  Variation  of  submerged  corrosion  of  St  20  specimens  with 
the  concentrations  of  Emulsol,  sodium  silicate,  and  sodium  triphos¬ 
phate  inhibitors  in  mixtures,  and  with  duration  of  tests  at  room  tem¬ 
perature. 

Solutions;  1)  original;  2)  NajSiQsfW);  3)  NasPO^fT);  4)  Emulsol 
(Em):  5)  mixtures  of  Emulsol,  NajSiO^,  and  NasPQ*. 

12  g/liter  of  sodium  triphosphate,  in  AC).  Therefore,  despite  the  small  positive  main  mixing  effect  (Egj^uljol), 
Emulsol  should  be  used  in  mixtures  with  sodium  silicate  and  triphosphate  for  complete  protection  of  steel  against 
corrosion  (AC  and  SC).  The  considerable  positive  subsidiary  mixing  effects  and  make  it  ad¬ 

visable  to  add  Emulsol  to  solutions  of  sodium  silicate  and  triphosphate  to  ensure  more  effective  protection  (for 
example,  to  wash  liquors  of  high  detergent  power,  and  solutions  used  for  other  purposes). 

SUMMARY 

« 

1.  The  effects  of  inhibitors  (sodium  nitrite,  sodium  silicate,' triethanolamine,  sodium  triphosphate,  and 
Emulsol)  and  their  mixtures  in  various  concentrations  on  the  atmospheric  and  submerged  corrosion  of  steel  (St 
20)  were  studied;  the  minimum  concentrations  giving  complete  protection  were  determined  for  each  inhibitor 
individually  and  for  mixtures. 

2.  It  is  shown  quantitatively  that  mixtures  of  these  inhibitors  are  much  more  effective  than  the  inhibitors 
taken  individually  in  the  same  concentrations. 

LITERATURE  CITED 

[1]  1.  L.  Rozenfel'd,  Corrosion  Inhibitors  in  Neutral  Media  [in  Russian]  (Moscow,  Izd.  AN  SSSR,  1953). 

[2]  G.  V.  Zhuk  and  A.  S.  Afanas'ev,  Methods  for  Laboratory  Testing  of  Atmospheric- Corrosion  Inhibitors, 
4  [in  Russian]  (VINTI  Izd.  AN  SSSR.  p.  17,  1958). 

[3]  A  S.  Afanas'ev,  Sci.  Trans  Dnepropetrovsk  Metallurgical  Inst.  25,  3  (1951);  Ind.  Lab.  2,  217  (1957). 

[4]  S.  A.  Balezin,  Metal  Corrosion  and  Its  Prevention  (Inhibitors  of  Acid  Corrosion)  [in  Russian]  ("Knowl¬ 
edge"  Press,  1953). 

Received  June  10,  1957 


150 


SULFONATED  ION-EXCHANGE  RESINS  BASED  ON  POLYVINYL  CHLORIDE 


AND  OTHER  VINYL  POLYMERS 

A.  A  Vasll'ev  and  A  A.  Vansheidt 

Institute  of  High-Molecular  Compounds,  Academy  of  Sciences  USSR 


It  is  known  that  sulfonated  ion-exchange  resins  are  generally  made  from  compounds  of  the  aromatic  series; 
for  example,  by  sulfonation  of  phenol  with  subsequent  condensation  of  the  phenolsulfonic  acids  with  formaldehyde, 
or  by  introduction  of  sulfo  groups  into  the  cross-linked  styrene  ~  divinylbenzene  copolymer.  Literature  data  on 
aliphatic  sulfonated  ion  exchangers  are  still  very  scanty  [1],  although  aliphatic  compounds  and  their  polymers 
are  worthy  of  special  attention  as  starting  materials  for  the  synthesis  of  ion-exchange  resins  of  high  exchange 
capacity.  In  particular,  little  use  has  been  made  as  yet  of  aliphatic  vinyl  polymers  for  the  production  of  sul¬ 
fonated  ion  exchangers,  although  such  compounds  as  polyvinyl  chloride,  polyvinyl  acetate  and  others  have  long 
been  readily  available  materials.  It  was  therefore  desired  to  determine  the  extent  to  which  these  plastics  can  be 
used  for  the  synthesis  of  sulfonated  ion-exchange  resins. 

Our  investigations  showed  that  sulfonation  of  many  aliphatic  polyvinyl  compounds  by  means  of  oleum  or 
chlorosulfonic  acid  under  certain  conditions  yields  space  polymers,  which  swell  but  do  not  dissolve  in  organic 
solvents,  water,  and  aqueous  alkalies,  and  which  contain  considerable  amounts  of  sulfur  in  the  form  of  sulfo  groups, 
ea.sily  determined  quantitatively  by  alkali  titration  Thus,  these  final  sulfonation  products  are  typical  strongly 
acid  ion-exchange  resins  of  considerable  exchange  capacity,  which  depends  on  the  nature  of  the  original  poly¬ 
mers  and  the  sulfonation  conditions.* 

Sulfonated  Cation  Exchangers  Based  on  Polyvinyl  Chloride  (SVC  Resins) 

The  starting  materials  in  our  experiments  were  samples  of  powdered  polyvinyl  chloride  of  different  brands 
(PB,  PF,  M,  and  Igelat  F),  and  shredded  PVC  film.  The  sulfonation  was  effected  by  means  of  2-5  parts  of  8-20'^ 
oleum  or  92*70  chlorosulfonic  acid  per  1  part  of  polyvinyl  chloride. 

When  polyvinyl  chloride  was  heated  with  the  sulfonating  agents,  HCl  was  evolved:  this  process  began  at 
about  95*  with  oleum,  and  at  about  65*  with  chlorosulfonic  acid.  On  further  increase  of  temperature  the 
polyvinyl  chloride  swelled  rapidly  and  was  converted  into  a  black  insoluble  product  without  previous  solution  of 
the  original  polymer.  In  the  case  of  oleum  the  heating  was  stopped  at  about  180*  and  in  the  case  of  chloro¬ 
sulfonic  acid,  at  100*.  The  product  formed  in  the  latter  case  contained  SOjCl  groups  in  addition  to  SO^H 
groups;  the  former  were  saponified  by  the  action  of  water,  b°lo  caustic  alkali,  or  concentrated  sulfuric  acid  on  a 
water  bath.  The  total  time  required  for  production  of  the  resin  (including  saponification)  under  laboratory  condi¬ 
tions  did  not  exceed  2-3  hours.  The  material  was  then  washed  with  water,  shredded  if  necessary,  sifted,  and  dried 
at  room  temperature  The  yield  of  cation  exchanger  reached  on  the  original  polyvinyl  chloride.  The  ex¬ 
change  capacity  of  the  resins  (which  depended  on  the  starting  material,  and  the  nature  and  amount  of  sulfonating 
agent)  was  2-4  meq/g  or  over,  and  the  swelling  coefficient  was  1. 2-1.5.  When  chlorosulfonic  acid  was  used,  the 
reaction  proceeded  at  a  higher  rate  despite  the  lower  temperature,  and  the  exchange  capacity  of  the  resins  was 
considerably  higher  than  those  obtained  with  the  use  of  oleum  (Table  2).  Therefore  most  of  the  experiments  on 
the  synthesis  of  SVC  cation  exchangers  were  performed  with  the  use  of  chlorosulfonic  acid. 

*  V.  S.  Matrosova  and  T.  V.  Gerasimyuk  took  part  in  the  experimental  work. 
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TABLE  1 

Composition  and  Properties  of  SVC  Resins  Made  from  Different  Brands  of  Polyvinyl 
Chloride 


Polyvinyl  chlo¬ 
ride  resin  brand 
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Sulfur  content  (’’lo) 
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1.1 
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1.77 
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PF-4  .  .  . 

1.1 

5.62 

1.76 

— 

PF-3  .  .  . 

1.3 

6.53 

2.04 

— 

SVC  resins  were  obtained  in  the  form  of  particles  of  different  sizes,  from  0.1  to  2  mm,  according  to  the 
form  of  the  original  polyvinyl  chloride.  Granular  ion  exchangers  were  made  both  from  sulfonated  PVC  film  by 
crushing,  and  from  powdered  polyvinyl  chloride.  The  latter  was  first  swollen  in  a  mixture  of  chlorosulfonic  acid 
and  dichloroethane  for  0.5-1  hour.  The  mixture  was  then  heated  in  the  usual  way.  After  the  sulfonation  and 
dehydrochlorination  reactions  and  removal  of  dichloroethane  the  product  was  not  a  powder,  but  consisted  of  grains 
of  high  mechanical  strength. 

The  dynamic  exchange  capacity  of  the  resins  "to  breakthrough"  was  700-850  meq/liter  (at  a  linear  filtra¬ 
tion  velocity  of  2.5-5.0  m/hour  through  a  layer  25  cm  high).  SVC  resins  had  good  chemical  resistance.  Their 
properties  (exchange  capacity,  swelling  coefficient)  were  unchanged  after  treatment  with  0.1  N  solutions  of  caus¬ 
tic  alkali  or  HNO3  for  20  minutes  on  a  boiling  water  bath. 

Experiments  on  the  synthesis  of  SVC  resins  from  polyvinyl  chloride  resins  of  different  brands  showed  that 
cation  exchangers  of  almost  the  same  properties  are  obtained  under  the  same  experimental  conditions,  with 
chlorosulfonic  acid  and  resin  taken  in  2: 1  ratio  (Table  1). 

The  effects  of  the  ratio  of  sulfonating  agent  to  resin  on  the  properties  of  SVC  resins  are  given  in  Table  2. 
The  advantages  of  using  chlorosulfonic  acid  rather  than  oleum  are  evident. 

The  shredded  PVC  film  was  sulfonated  under  the  same  conditions  as  the  polyvinyl  chloride  resins,  the  same 
effects  were  observed  during  the  process,  but  the  cation  exchangers  obtained  had  exchange  capacities  of  about 
2/3  of  those  formed  from  the  resins.  It  is  possible  that  the  sulfonation  of  a  partially  cross-linked  polymer  such  as 
the  PVC  film  proceeds  with  greater  difficulty  than  sulfonation  of  resins  which  had  been  previously  subjected  to 
high  temperatures.  The  exchange  capacity  of  resins  based  on  PVC  film  could  be  increased  by  preliminary  swell¬ 
ing  of  the  material  in  dichloroethane  (2-4  parts  per  1  part  of  the  material)  for  1  hour  (approximately). 

The  effect  of  sulfonation  temperature  on  the  properties  of  SVC  cation  exchangers  is  shown  in  Table  3.  At 
room  temperature  chlorosulfonic  acid  does  not  sulfonate  jxjlyvinyl  chloride.  On  the  other  hand,  sulfonation  at 
temperatures  above  80-90*  and  increase  of  the  heating  time  of  the  insoluble  product  did  not  increase  its  ex¬ 
change  capacity,  while  the  latter  decreased  appreciably  if  temperatures  up  to  150“  were  used.  The  effect 
of  sulfonation  temperature  on  the  properties  of  SVC  resins  is  shown  in  Table  3,  which  contains  data  on  specimens 
made  from  chlorosulfonic  acid  and  polyvinyl  chloride  taken  in  5;  1  ratio.  If  the  results  given  in  Table  2  are  also 
taken  into  consideration,  it  seems  that  the  optimum  ratio  of  sulfonating  agent  to  resin,  with  the  use  of  chloro¬ 
sulfonic  acid,  is  4 : 1  or  5 : 1.  The  use  of  more  than  5  parts  of  chlorosulfonic  acid  per  1  part  of  resin  did  not  in¬ 
crease  the  exchange  capacity  of  the  cation  exchangers  further. 
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TA  BLE 


Effect  of  Relative  Proportions  of  Sulfonating  Agent  and  Resin  on  the  Properties  of  SVC  Cation 
Exchangers 


Starting  materials 

Amount  of  sul¬ 
fonating  agent 

Swelling 

coefficient 

— 

g 

V 

(/5 

Exchange 
capacity 
(meq/  g) 

Chlorine 
content  (%) 

polyvinyl 

chloride 

sulfonating 

agent 

weight 
parts  per 

J  part  of 
resin 

moles 

per 

monomer 

unit 

1.7 

1.1 

1.0 

1.34 

0.42 

ly.D  /o  1 

3.35 

2.2 

1.1 

4.00 

1.25 

— 

PB-4 

oleum  1 

6.7 

1.2 

7.90 

2.47 

— 

powdered 

4.4 

resin 

2 

1 

— 

6.66 

2.08 

28.40 

4 

2 

1.5 

10.91 

3.41 

15.15 

92  chlo- 

8 

4 

1.5 

11.07 

3.46 

15.45 

rosulfonlc  ■ 

PVC  film 

acid 

2 

1 

1.1 

3.55 

1.11 

— 

0.5  mm 

4 

2 

1.2 

6.86 

2.14 

— 

thick 

8 

4 

1.3 

9.15 

2.85 

TABLE  3 

Effect  of  Sulfonation  Temperature  on  Properties  of  SVC  Resins* 


Sulfonation  conditions 

Resin  properties 

Sample 

No. 

temperature 

CC) 

time  (min) 

swelling 

coefficient 

^act 

1  exchange 
capacity 

1  (meq/g) 

1 

20 

48X  60 

1.0 

0.00 

0.00 

2 

20->100 

30 

1.4 

13.34 

4.17 

®  1 

20->l00 

100-».1()5 

20 

60 

1 

13.28 

4.15 

4 

20-J.150 

1 

50 

10.66 

3.33 

*  The  cation  exchangers  were  saponified  by  means  of  10^  NaOH  solution  at  70*  deg 
for  2  hours. 

Sample  2  was  heated  with  uniform  rise  of  temperature  from  20  to  100®  during  30  minutes;  sample  3 
was  heated  similarly,  but  in  two  stages:  during  20  minutes  from  20  to  100®,  and  then  during  60  minutes  from 
100  to  105®. 

The  effects  of  saponification  conditions  on  the  exchange  capacity  of  cation  exchangers  based  on  polyvinyl 
chloride  are  shown  in  Table  4.  Almost  the  same  results  are  obtained  by  any  of  the  methods  given. 

The  formation  mechanism  of  sulfonated  polyvinyl  chloride  resins  cannot  be  regarded  as  fully  understood; 
however,  certain  conclusions  concerning  the  structure  of  these  resins  can  be  drawn  from  the  following  data. 

According  to  Boyer  [3],  degradation  of  polyvinylidene  chloride  and  its  copolymers  is  accompanied  by  loss 
of  HCl  with  formation  of  polyene  chains  of  conjugated  double  bonds;  this  incidentally  accounts  for  the  appearance 
of  color  in  degraded  polymers.  It  is  quite  probable  that  similar  processes  take  place  in  the  sulfonation  of  poly¬ 
vinyl  chloride,  as  this  is  accompanied  by  considerable  liberation  of  HCl  with  formation  of  dark  cross-linked  poly¬ 
mers.  It  is  interesting  to  note  that  dehydrochlorination  of  polyvinyl  chloride  resin  in  presence  of  chlorosulfonic 
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TABLE  4 


Effects  of  Saponification  Conditions  on  the  Exchange  Capacity  of  SVC  Resins 


Saponification  conditions 

J - 

S.c. 

Exchange 

capacity 

(meq/g) 

reagent 

temperature 

rc) 

time 

(hours) 

KOH  loo/n 

70 

i 

5.82 

1.82 

70 

1 

5.75 

1.80 

HjO  (additional) 

80 

1 

HjO 

90 

1 

10.61 

3.32 

NaOH  10% 

90 

1 

10.10 

3.15 

HjO 

90 

0.5 

5.92 

1.85 

HjO 

90 

1 

5.54 

1.73 

•  The  saponification  reagents  were  used  in  considerable  excess  (about  20  weight 
parts  to  1  part  of  resin). 

•  •  In  saponification  by  means  of  sulfuric  acid,  the  intermediate  product  RSOj* 
SOjH  may  be  formed;  this  decomposes  into  RSO3H  and  H2SO4  during  subsequent 
treatment  with  water  [2]. 


acid  occurs  at  temperatures  about  100“  below  the  temperature  of  the  thermal  degradation  of  polyvinyl  chloride. 

It  is  clear  from  Tables  1  and  2  that  SVC  resins  contain  considerable  amounts  of  chlorine;  this  indicates 
that  they  contain  unchanged  polyvinyl  chloride  units  (■"CHj“CHCl”). 

A  large  excess  of  chlorosulfonic  acid  is  needed  in  all  cases  for  the  formation  of  sulfonyl  chlorides  in  good 
yields.  If  the  excess  of  chlorosulfonic  acid  is  relatively  small,  a  mixture  of  sulfonyl  chlorides  and  sulfonic  acids 
[4]  is  formed. 


RH  +  IIOSO2CI  =  RSO2CI  -I-  H2O 
RSOjCl  HjO  =  RSO2OII  -f  II2O 

Under  our  usual  synthesis  conditions,  with  4  parts  of  chlorosulfonic  acid  per  1  part  of  resin,  products  con¬ 
taining  sulfo  groups  together  with  sulfonyl  chloride  groups  were  also  obtained.  The  contents  of  the  latter  could 
be  estimated  from  the  nitrogen  contents  of  sulfonamides  formed  by  the  action  of  ammonia  on  unsaponified  resins 
washed  free  from  excess  of  mineral  acid  with  ice-cold  water  (see,  for  example.  Table  5). 

Thus,  about  i  of  the  sulfur  in  unsaponified  resins  is  present  in  the  form  of  SOjCl  groups,  which  are  con¬ 
verted  into  sulfo  groups  after  saponification,  and  the  process  of  SVC  resin  formation  can  be  represented  by  the 
following  general  scheme; 


(1) 

(2) 


Cl 

on  Tin  / 

(Cn2GHCl)»^-^*^A/S03lI 

— llCi  \ 

^SOaCI 


H,o 

—  ^  A<  , 

-HCl  •  \sO3H 


where  A  is  a  polymeric  hydrocarbon  residue. 


In  the  light  of  all  the  foregoing  considerations,  the  structure  of  SVC  cation-exchange  resins  can  be  repre¬ 
sented  in  general  form  as 

,1’. 


(_CIl2-CIICl-)„(— Gll=cn— _CII-CH- 


-G=CII— 

I 

S0311 
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TABLE  5 


TABLE  6 


Sulfur  Contents  of  Sulfonic  and  Sulfonamide 
Groups  of  Amidated  SVC  Resins 


Contents  of  SO5H  Groups  and  Chlorine  in  SVC 
Resins 


vSulfur  and  nitrogen  con- 

Sulfur  contents  in 

tents  of  amidated  resins 

sulfonamide  groups 

('7'’) 

calculated  from 

percentage  nitro- 

S 

N 

gen  contents  (‘7o) 

12.05 

2.86 

6.55 

11.95 

2.99 

6.85 

Contents  in  resins  (“Vo) 

Resin 

no. 

0 

X 

(S 

(/> 

Cl  Clo  of  ini¬ 
tial  chlorine 
content) 

1 

6.94 

17.5 

29.00 

40.5 

2 

11.07 

27.9 

15.45 

20.3 

The  contents  of  different  types  of  units  in  SVC  resins  can  be  approximately  calculated  from  the  results  of 
chlorine  and  sulfur  determinations  for  these  resins;  this  is  illustrated  by  the  examples  given  in  Tables  6  and  7.* 

Cation  Exchangers  Based  on  Various  Vinyl  Polymers 

When  polyvinyl  acetate  is  sulfonated,  acetic  acid  is  liberated,  in  the  same  way  as  hydrogen  chloride  is 
liberated  in  the  sulfonation  of  polyvinyl  chloride,  and  the  reaction  ends  with  the  formation  of  an  insoluble  sul- 
fonating  resin  of  low  swelling  power. 

Sulfonation  of  vinyl  chloride  ■“  vinyl  acetate  copolymers  is  accompanied  by  liberation  of  hydrogen  chlo¬ 
ride  together  with  acetic  acid. 

In  addition  to  polyvinyl  acetate  and  vinyl  acetate  “  vinyl  chloride  copolymer,  the  following  were  sul¬ 
fonated:  polyethylene,  copolymers  of  vinyl  chloride  with  methyl  acrylate  and  butyl  maleate,  and  polyvinyl  al¬ 
cohol. 

The  sulfonation  reactions  were  very  similar  for  all  these  polymers  (with  the  exception  of  polyvinyl  alcohol). 
The  action  of  chlorosnlfonic  acid  on  vinyl  polymers  at  moderate  temperatures  (not  over  100*)  resulted  in  the 
liberation  of  gaseous  products,  with  eventual  formation  of  insoluble  sulfonated  resins  of  exchange  capacities  of 
the  order  of  2-4  meq/g  and  low  swelling  (1.3- 1.6). 

TABLE  7 

Contents  of  Different  Units  in  vSVC  Resins,  Based  on  the  Results  of  Sulfur  and  Chlorine 

Determinations 


Monomer  units  in  resin  chains 

Resin  No. 

formula 

molecular- 
weight  of 
unit 

content  of  unit 
in  resin 

no.  of  monome 
units  per  one 
-CH=CSOjH- 
unit 

in  % 

in  molar  °Jo 

1 

2 

GlI=CSO,U 

1 

106.1 

22.9,  36.6 

10.6,  15.8 

1.00,  1.00 

1 

2 

1 

cno— ciici 

1 

62.5 

51.0.  27.1 

40.1,  36.4 

3.78,  1.26 

1 

2 

1 

CII=CII 

1 

26.0 

21.1,36.4 

49.3,  64.3 

4.65,  4.07 

*  It  was  assumed  in  the  calculations  that  the  resins  do  not  contain  "inactive"  sulfur  (sulfur  not  in  sulfo  groups). 
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TABLE  8 

Properties  of  Sulfonated  Cation  Exchangers  Made  From  Various  Vinyl  Polymers 


Polymer 

Amount  of  chlo- 
rosulfonic  acid,, 
wt.  parts  per  1 
part  polymer 

Exchange 

capacity 

(meq/g) 

Swelling 

coefficient 

Polyvinyl  acetate . 

4 

3,21 

1.4 

Polyethylene . 

8.3 

1.96 

1.3 

Polyethylene . 

13.3 

2.30 

- 

Copolymers: 

Vinyl  chloride  83.6%  + vinyl  acetate 

16.5% 

4 

3.36 

1.6 

Vinyl  chloride  83.5%  +  vinyl  acetate 

16.5% 

2 

2.93 

1.5 

Vinyl  chloride  87%  + methyl  acrylate 

13% 

8 

3.12 

1.7 

Vinyl  chloride  52.5%+ methyl  acrylate 
47.5% 

8 

2.99 

- 

Vinyl  chloride  89.5%  + monobutyl 
maleate  10.5% 

4 

3.19 

1.6 

Sulfonation  of  copolymers  of  vinyl  chloride  with  esters  of  unsaturated  acids  is  of  special  interest,  as  it  is 
possible  in  this  way  to  obtain  cation-exchange  resins  containing  carboxyl  groups,  formed  by  saponification  of 
some  of  the  ester  groups,  in  addition  to  sulfo  groups. 

The  preliminary  experiments  on  sulfonation  of  vinyl  polymers  were  performed  with  the  use  of  92%  chloro- 
sulfonic  acid  (4-8  parts  by  weight  to  1  part  of  polymer).  The  heating  was  stopped  when  the  temperature  in  the 
reaction  flask  reached  110”  deg.  The  sulfonation  products  were  saponified  by  means  of  10%  caustic  potash  solu¬ 


tion  under  reflux  on  a  boiling  water  bath  for  1  hour. 
TABLE  9 


Results  of  Determinations  of  the  Exchange  Capacity 
of  Cation  Exchangers  Based  on  Vinyl  Chloride  “ 
Methyl  Acrylate  Copolymers 


Copolymer 

1 

Exchange  capacity  from 

composition  (%) 

results  of  titration  with 

vinyl 

chloride 

methyl 

acrylate 

NaCl 

and  methyl 
orange 

CHjCCXDNa 
and  phenol- 
phthalein 

87.0 

13.0 

3.12 

3.27 

52.5 

47.5 

2.99 

3.95 

The  results  of  tests  on  sulfonated  cation  exchangers 
made  from  various  vinyl  polymers  are  given  in  Tables 
8  and  9. 

All  the  cation  exchangers,  like  the  starting  poly¬ 
mers,  were  powders. 

The  data  in  Table  7  confirm  the  considerable 
content  of  carboxyl  groups  in  the  second  of  the  sul¬ 
fonated  copolymers. 

The  behavior  of  polyvinyl  alcohol  in  sulfonation 
differed  in  certain  respects  from  that  of  the  other  vinyl 
polymers. 

When  polyvinyl  alcohol  reacts  with  sulfuric  acid, 
the  latter  is  expended  mainly  in  the  formation  of  esters. 
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which  have  been  described  in  the  literature  as  intermediate  products  in  the  production  of  polyvinyl  nitrates  [5]. 

It  is  known  that  when  polyvinyl  alcohol  is  heated  above  160*  it  can  form  infusible  and  Insoluble  products 
[6],  the  formation  of  which  occurs  more  rapidly  and  at  lower  temperatures  in  presence  of  traces  of  acids  and  other 
condensation  agents. 

In  our  experiments  on  the  sulfonation  of  polyvinyl  alcohol  by  concentrated  sulfuric  acid  the  insoluble  pro¬ 
duct  was  formed  at  87-90*. 

Chlorosulfonic  acid  and  oleum  proved  unsuitable  for  sulfonation  of  polyvinyl  alcohol.  The  properties  of 
the  cation  exchangers  were  no  better  than  those  of  resins  obtained  with  the  use  of  sulfuric  acid,  while  the  re¬ 
action  was  violently  exothermic.  For  saponification  of  the  esters,  the  sulfonated  polyvinyl  alcohol  was  ground 
and  heated  on  a  water  bath  with  5%  alkali  solution;  this  was  followed  by  regeneration  of  the  product,  washing 
with  water,  and  drying  at  room  temperature. 

Cation  exchangers  based  on  polyvinyl  alcohol  had  low  exchange  capacity  (1.0-1. 2  meq/g)  and  low  swell¬ 
ing  coefficients  (1.1-1. 5). 

The  methods  used  for  testing  the  resins  were  described  in  our  previous  paper  [7]. 

SUMMARY 

1.  Ion-exchange  resins  can  be  synthesized  by  sulfonation  of  various  vinyl  polymers:  polyvinyl  chloride, 
polyvinyl  acetate,  copolymers  of  vinyl  chloride  with  various  unsaturated  compounds,  polyethylene,  and  poly¬ 
vinyl  alcohol. 

2.  Sulfonated  resins  based  on  polyvinyl  chloride  (SVC  resins)  have  exchange  capacities  of  2-4  meq/g, 
swelling  coefficients  of  1.1-1. 5,  and  good  resistance  to  alkalies  and  nitric  acid.  The  properties  of  cation  ex¬ 
changers  based  on  other  vinyl  polymers,  except  polyvinyl  alcohol,  are  similar  to  those  of  SVC  resins. 
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ACID  CONDENSATION  OF  LIGNIN 


D.  Tishchenko 


The  technology  of  the  sulfite  process  for  the  production  of  cellulose  from  wood  has  been  developed  empiri¬ 
cally;  it  has  been  found  that  the  chips  are  successfully  delignified  by  the  cooking  liquor  (aqueous  solution  of  sul- 
furous  acid  and  bisulfite)  only  if  definite  conditions  are  maintained  during  soaking  of  the  chips  (at  about  100*), 
precooking  (110-115"),  and  cooking  (135-145").  Rapid  heating  of  the  chips  with  the  cooking  liquor  to 
135-145"  results  in  the  so-called  "black  cook",  when  lignin  is  sulfonated  but  not  dissolved.  This  gave  rise 
to  the  concept  of  "condensation"  or  "inactivation"  of  lignin. 

It  was  subsequently  found  that  wood  cannot  be  cooked  by  the  sulfite  process  at  the  normal  rate  if  it  has 
been  pretreated  with  hot  water,  or  solutions  of  acids  or  alkalies,  or  if  phenols,  especially  polyhydric,  are  added 
to  the  cooking  liquor;  that  the  unsuitability  of  the  wood  of  various  pines,  Douglas  fir,  and  floated  unstripped 
spruce  is  due  to  the  presence  of  polyhydric  phenols  and  their  derivatives  in  these  woods  and  bark;  that  all  lignin 
preparations  isolated  by  acid  treatment  of  wood,  under  apparently  mild  conditions,  cannot  be  cooked  by  the  sul¬ 
fite  process  (cannot  dissolve  in  the  cooking  liquor)  at  the  normal  rate;  and  that  only  periodate  lignin,  isolated 
by  treatment  of  wood  with  sodium  periodate  (at  pH  5-7),  can  be  dissolved  normally  in  this  way. 

These  and  numerous  other  observations  have  not  been  coordinated  from  a  single  viewpoint  whereby  it  is 
possible  to  establish  a  relationship  between  modern  concepts  of  lignin  structure  and  the  observed  "condensation" 
or  "inactivation"  effects.  There  is  no  doubt  that  the  establishment  of  such  relationships  is  most  desirable  from 
the  theoretical  and  practical  aspects.  Such  relationships  may  be  deduced  and  established  by  analogy  with  the 
chemistry  and  technology  of  phenol  “*  aldehyde  resins. 

It  is  known  that  phenols  react  with  aldehydes  in  presence  of  alkalies  or  acids,  ultimately  yielding  poly¬ 
condensation  products  (resoles,  novolacs,  resites).  If  this  reaction  is  effected  in  alkaline  solutions  without  heat, 
the  primary  reaction  products,  alkylol  phenols,  can  be  isolated. 


on 

1 

OH 

1 

OH 

1 

1 

1 

II  1 

1 

CHOII-R 

h 

1 

1 

1  II 

V 

H 

1 

CHOU 

/O 

1 

H 

'\n 

(1) 

In  the  case  of  formaldehyde,  the  primary  product  is  methylolphenol  or  hydroxybenzyl  alcohol;  in  all  other 
cases,  homologs  of  hydroxybenzyl  alcohol  are  obtained  [1]. 

These  alkylol  phenols  condense  rapidly  in  acid  solution,  with  liberation  of  heat,  to  yield  linear  polycon¬ 
densation  products. 
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To  bring  this  polycondensation  about  in  alkaline  solutions,  it  is  usually  necessary  to  heat  them  to  80-100*, 
except  in  the  case  of  the  most  reactive  phenols  (such  as  resorcinol;  see  below).  In  acid  solutions  the  con¬ 
densation  of  phenols  with  aldehydes  is  usually  so  rapid  that  it  cannot  be  stopped  at  the  alkyl  phenol  stage;  poly¬ 
condensation  products  (novolacs)  are  formed  at  once.  It  must  be  pointed  out  that  the  condensation  of  phenols 
with  aldehydes  proceeds  at  the  minimum  rate  at  pH=4.2,  i.e.,  in  a  weakly  acid  medium  [1]. 

The  number  of  aldehyde  groups  adding  on  to  a  particular  phenol  with  formation  of  alkylol  groups  is  equal 
to  the  number  of  unsubstituted  carbon  atoms  in  the  benzene  ring,  activated  by  the  phenolic  hydroxyl  (the  ortho 
and  para  positions  relative  to  the  hydroxyl).  Thus,  p-cresol  readily  yields  a  dimethylol  derivative,  which  easily 
condenses  in  an  acid  medium  with  two  molecules  of  a  phenol  or  novolac  of  definite  structure  to  give  the  corres¬ 
ponding  novolac,  for  example  [2]. 


CII3 

1 
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1 

A. 

1 

1 

1  h 
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+  h 
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We  showed  earlier  [3]  that  if  one  of  the  components  of  this  reaction  (phenol,  novolac,  or  alkylol  phenol) 
contains  a  sulfo  group,  condensation  does  not  oecur;  the  sulfo  group  prevents  condensation,  and  this  is  of  special 
significance  in  eonsideration  of  the  problem  of  lignin  condensation. 

Any  phenol  with  not  less  than  two  free  ortho  “  para  positions  can  bind  two  or  more  molecules  of  an  alkylol 
phenol,  for  example 
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The  rate  of  reaction  of  any  particular  phenol  with  aldehydes  or  alkylol  phenols  depends  on  the  structure 
of  the  phenol.  It  is  highest  for  polyhydrie  phenols  of  the  meta  series  (resorcinol,  phloroglucinol,  etc.),  as  in  such 
cases  the  hydroxyls  simultaneously  activate  the  same  positions  of  the  benzene  rings  (the  activated  positions  are 

marked  by  crosses).  x 
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catechol 
(ortho  series) 


All  the  foregoing  considerations  apply  to  the  reactions  of  phenols  with  aldehydes  or  of  alkylol  phenols 
with  phenols.  The  quantitative  determination  of  phenolic  hydroxyls  in  lignins  involves  considerable  difficulties. 

Different  determination  methods  give  different  results.  However,  it  may  be  stated  with  confidence  that 
far  from  every  phenylpropane  structural  unit  in  conifer  lignin  contains  a  phenolic  hydroxyl  (II): 
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At  the  same  time,  nearly  every  formula  proposed  for  the  structure  of  conifer  lignin  includes  considerable 
numbers  of  groups  of  fully  etherified  catechol  derivatives  (in,  IV). 
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We  know  from  the  chemistry  of  phenolic  resins  that  not  only  phenols  but  also  their  ethers  react  with  alde¬ 
hydes  to  form  resins.  For  example,  phenol  ethers  condense  with  formaldehyde  when  heated  with  aqueous  formic 
acid  [4];  phenoxyacetic  acid  and  its  homologs  condense  with  formaldehyde  even  without  catalysts  when  heated 
above  100“  (their  own  acidity  is  sufficient)  [5];  finally,  benzhydrol  and  other  aromatic  alcohols  (homologs 
of  benzyl  alcohol)  readily  condense  with  phenol  ethers  in  presence  of  acids  [6],  In  the  light  of  these  facts,  the 
reactivity  of  (III)  and  (IV)  strucmral  units  in  addition  to  (II)  should  be  taken  into  account  in  consideration  of 
"condensation"  and  "inactivation"  of  lignin. 

Finally,  it  should  be  noted  that  under  constant  conditions  the  solubility  of  substances  in  a  polymer-homolog 
series  decreases  with  increasing  molecular  weight. 

Levoglucosan  QHyOzfOHls  and  cellulose  [C6H702(0H)3]r,  have  equal  relative  hydroxyl-group  contents,  but 
the  former  is  readily  soluble  in  water  and  alcohol,  while  the  latter  is  insoluble.  Phenolsulfonic  acids  are  readily 
soluble  in  water,  whereas  sulfonated  phenolic  resins  are  insoluble,  and  are  used  as  ion-exchange  resins.  The 
higher  the  molecular  weight  of  a  substance,  the  more  lyophilic  groups  must  be  introduced  into  it  to  make  it  solu¬ 
ble. 


If  all  the  above  facts  are  taken  into  account,  "condensation"  and  "inactivation"  of  lignin  can  be  considered 
from  a  unified  standpoint  and  correlated  with  modern  concepts  of  lignin  structure. 

The  chemistry  of  sulfite  cooking  of  wood  has  been  greatly  clarified  during  the  past  twelve  years,  mainly 
by  the  work  of  Swedish  chemists  [7].  Experiments  on  sulfonation  of  model  substances  by  solutions  of  sulfurous 
acid  and  its  salts  showed  that  substances  containing  the  group  (II)  (see  above)  are  sulfonated  very  rapidly  and  over 
a  wide  pH  range  (1. 2-7.0  and  over),  those  containing  group  (HI)  are  sulfonated  much  more  slowly,  but  in  the 
same  pH  range,  while  those  containing  group  (IV)  are  sulfonated  only  at  low  pH  (not  over  2-2.5),  i.e.,  after  hy¬ 
drolysis  of  ethers  of  substituted  benzyl  alcohol.  In  all  cases  the  sulfo  group  enters  the  position  of  the  hydroxyl 
in  the  substituted  benzyl  alcohol.  However,  groups  (II)  and  (III)  are  alkylol  phenols,  while  (IV)  is  converted  into 
an  alkylol  phenol  after  hydrolysis  of  the  ether  group.  Alkylol  phenols  ean  condense  rapidly  with  phenols  and 
their  ethers  in  an  acid  medium,  and  slowly  in  an  alkaline  medium.  Therefore,  there  must  be  two  competing 
reactions  involving  benzyl  alcohol  hydroxyls  in  the  sulfite  cooking  of  wood:  1)  sulfonation,  2)  condensation  of 
lignin  molecules,  with  doubling,  trebling,  etc.,  of  its  molecular  weight. 
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The  first  reaction  is  possible  only  in  presence  of  sulfurous  acid  or  its  salts,  while  the  second  can  take  place 
in  presence  of  any  acid  (or  alkali,  but  under  harsher  conditions).  Therefore  pretreatment  of  wood  with  acids  or 
alkalies  should  condense  lignin,  increase  its  average  molecular  weight,  and  hinder  subsequent  sulfite  cooking,  i.e., 
extraction  of  lignin  as  lignosulfonic  acids  in  the  cooking  liquor.  This  conclusion  is  confirmed  by  abundant  ex¬ 
perimental  data.  It  is  known  that  pretreatment  of  spruce  wood  with  water  or  with  1%  sulfurous  acid  at  100- 
130*. or  with  5  or  25%  hydrochloric  acid  at  30*,  "deactivates"  lignin  for  subsequent  sulfite  cooking  [8];  how¬ 
ever,  if  wood  is  heated  in  running  water  (when  the  formic  and  acetic  acids  formed  are  washed  out)  lignin  is  not 
deactivated;  it  was  found  by  the  use  of  buffer  solutions  that  heating  at  pH=4.6  had  the  least  influence  on  the 
subsequent  sulfite  cooking  (compare  this  with  the  minimum  condensation  rate  of  alkylol  phenols  with  phenols  at 
pH  =  4.2  [1]);  similar  heating  of  wood  in  nitrogen  or  in  toluene  does  not  have  an  adverse  effect  on  sulfite  cooking 
[9];  the  more  "inactivated"  the  lignin,  the  more  sulfo  groups  must  be  introduced  to  make  the  lignin  sulfonic  acids 
soluble  in  the  cooking  liquor  [10];  preliminary  heating  of  wood  with  hydrochloric  acid  (pH  =  2.2)  sharply  retards 
subsequent  sulfite  cooking,  and  60%  of  the  lignin  sulfonates  does  not  dissolve  but  remains  in  the  chips  [11].  Simi¬ 
lar  results  were  obtained  in  sulfite  cooking  of  different  lignins;  periodate  lignin,  not  subjected  to  the  action  of 
acids  or  alkalies  during  isolation  from  wood,  cooks  normally;  the  same  lignin  behaves  differently  after  prelimi¬ 
nary  heating  with  buffer  solutions  at  100°;  the  least  effect  was  produced  by  heating  at  pH  =  4.5  (92%  was 
dissolved,  see  [1]),  and  the  greatest,  at  pH=2.2  (sulfite  cooking  greatly  retarded)  [12];  lignins  isolated  from  wood 
in  presence  of  acids  do  not  dissolve  in  sulfite  at  the  normal  rate;  lignin  isolated  from  spruce  meal  by  30  minutes 
of  treatment  with  42%  HCl  at  0°  dissolved  completely  in  20  hours  at  135°  in  a  cooking  liquor  which  contained 
5%  SO2  and  1%  Na20,  whereas  lignin  treated  with  hydrochloric  acid  for  36  hours  was  only  28%  dissolved  in  24 
hours  [13].  Condensation  of  lignin  by  alkali  solutions  takes  place  under  much  harsher  conditions;  heating  of 
spruce  wood  with  10%  sodium  carbonate  solution  at  160°,  or  exposure  to  10%  ammonia  solution  for  6  days  at 
room  temperature,  gave  residues  containing  14.2  and  6.4%  lignin  respectively  after  sulfite  cooking  [14];  other 
workers  report  that  wood  lignin  is  deactivated  by  alkali  solutions  only  at  temperatures  above  50°  [11,  15]. 

Several  workers  have  shown  that  preliminary  introduction  of  1  sulfo  group  per  4  stmctural  units  (1  sulfur 
atom  per  40  carbon  atoms)  into  wood  lignin  virtually  prevents  the  condensation  of  lignin  in  acid  media,  and  eli¬ 
minates  "black  cook"  [16].  This  very  remarkable  effect  has  not  as  yet  been  correlated  with  modern  views  on 
the  chemical  nature  and  reactivity  of  lignin. 

This  effect  also  becomes  understandable  when  considered  in  the  light  of  the  similarity  between  the  chem¬ 
istry  of  lignin  condensation  processes  and  the  chemistry  of  condensation  of  phenols  with  aldehydes  and  alkylol 
phenols.  As  stated  earlier,  we  have  shown  [3]  that  introduction  of  sulfo  groups  into  phenols,  novolacs,  or  alkylol 
phenols  prevents  mutual  condensation  of  these  substances.  Hence  it  follows  that  the  "condensation"  and  "inacti¬ 
vation"  of  wood  lignin  as  the  result  of  various  treatments,  as  described  above,  and  the  prevention  of  acid  con- 
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densation  of  lignin  by  the  preliminary  introduction  of  small  amounts  of  sulfo  groups,  can  be  explained  satisfac¬ 
torily  by  analogy  with  the  chemistry  of  phenol  “  aldehyde  condensation  products. 

All  the  foregoing  is  valid  only  if,  as  in  the  condensation  of  aldehydes  with  phenols,  the  alcoholic  hydroxyls 
in  the  a-position  relative  to  the  benzene  ring  are  responsible  for  condensation  of  lignin.  Studies  of  model  sub¬ 
stances  show  that  compounds  with  alcoholic  hydroxyls  in  the  a-position  condense  with  themselves  in  presence  of 
acids;  if  the  hydroxyl  is  in  some  other  position,  they  do  not  condense.  For  example,  pinoresinol,  which  is  an  ether 
of  substituted  benzyl  alcohol,  can  undergo  "sulfite  cooking"  at  pH >4,  with  preliminary  hydrolysis  of  the  ether 
bond,  while  at  pH<4  it  is  resinified  (undergoing  condensation  with  itself)  [17]. 
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The  guaiacyl  ether  of  veratrylglyceraldehyde  (with  an  alcoholic  hydroxyl  in  the  y  position)  does  not  con 
dense  by  the  action  of  acids. 
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It  must  be  pointed  out  that  1-alkylol  phenols,  in  contrast  to  methylolphenols  HO—(^H4‘“CH20H,  are  less 
sensitive  to  the  action  of  acids,  and,  moreover,  their  molecular  weight  is  no  more  than  trebled  by  condensation 
under  acid  conditions.  Thus,  the  condensation  of  higher  aldehydes  with  phenols,  even  in  an  acid  medium,  gave 
the  corresponding  alkylol  phenols  in  good  yields  in  a  number  of  cases  [18]. 

Lignin  contains  alkylol  phenol  structural  units,  and  these  are  therefore  relatively  stable  to  the  action  of 
acids.  This  explains  Richter's  observation  [19]  that  chips  infused  for  two  weeks  in  lO^o  vSOj  solution  (in  absence 
of  bases)  can  be  subsequently  delignified  when  heated  with  the  same  solution  at  125*:  the  relatively  low  acid 
activity  of  sulfurous  acid  does  not  cause  acid  condensation  of  the  alkylol  phenol  structural  units  in  lignin  in  the 
cold,  but  lignin  is  sulfonated  (although  slowly)  at  the  a-benzyl  alcohol  hydroxyls;  the  introduced  sulfo  groups 
protect  the  lignin  against  acid  condensation  at  the  higher  cooking  temperature  (see  above),  and  no  base  is  re¬ 
quired. 
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The  role  of  the  base  in  the  ordinary  sulfite  process  can  be  examined  in  the  same  light:  metal  bisulfite 
buffers  the  cooking  liquor  and  lowers  its  active  acidity,  so  that  condensation  of  alkylol  phenol  groups  in  lignin 
is  inhibited  but  sulfonation  is  not  prevented;  after  introduction  of  a  small  number  of  sulfo  groups  the  lignin  is 
protected  by  them  against  condensation,  and  the  cooking  temperature  can  be  raised  to  the  final  level.  In  ac¬ 
cordance  with  these  views,  "black  cook"  is  the  result  of  the  action  of  acid  on  lignin  which  has  not  been  protect¬ 
ed  by  preliminary  sulfonation,  with  doubling  or  trebling  of  its  molecular  weight;  the  high-molecular  lignin  can¬ 
not  dissolve  rapidly  enough  in  the  cooking  acid  even  after  introduction  of  a  large  number  of  sulfo  groups.  It  is 
immaterial  whether  the  lignin  is  condensed  by  preliminary  treatment  of  the  wood  with  some  other  acid  and  the 
wood  is  then  used  for  sulfite  cooking,  or  whether  in  the  sulfite  cooking  of  fresh  wood  the  temperature  is  raised 
rapidly  to  a  point  at  which  the  condensation  and  sulfonation  rates  become  comparable. 

It  has  been  known  for  a  fairly  long  time  that  phenol  retards  sulfite  cooking  [20].  Pine  wood  cannot  be 
cooked  by  the  usual  sulfite  process;  the  reason  is  the  presence  of  pinosilvyn  (styrylresorcinol)  in  the  wood;  cook¬ 
ing  is  normal  if  pinosilvyn  is  removed  by  extraction  of  the  chips  with  acetone  [21,  22].  The  wood  of  Douglas 
fir  contains  pentahydroxyflavanone,  another  derivative  of  resorcinol,  and  therefore  it  cannot  be  cooked  by  the 
normal  sulfite  process  [23].  Studies  of  the  effect  of  added  phenols  in  cooking  liquor  showed  that  dihydric  phenols 
of  the  meta  series  (orcinol,  resorcinol,  pinosilvyn)  have  the  greatest  retarding  effect  on  sulfite  cooking,  while 
the  effects  of  dihydric  ortho  (catechol)  and  para  (hydroquinone),  and  of  monohydric  phenols  are  weaker.  Addi¬ 
tion  of  only  1%  of  resorcinol  to  spruce  chips  greatly  hinders  the  solution  of  lignin  sulfonates  in  ordinary  sulfite 
cooking,  although  the  sulfur  content  of  these  sulfonates  is  normal  [24].  Therefore  addition  of  small  amounts  of 
resorcinol  does  not  prevent  sulfonation  of  lignin,  but  lowers  the  solubility  of  lignin  sulfonates.  On  the  other  hand, 
addition  of  up  to  3.3  wt.'^o  of  resorcinolsulfonic  acid  (calculated  as  resorcinol)  to  the  cooking  liquor  has  no  effect 
on  sulfite  cooking  [25],  and  addition  of  of  resorcinol  on  the  weight  of  spruce  chips  during  preliminary  bisul¬ 
fite  cooking  (pH  =  4.5)  has  no  adverse  effect  during  subsequent  cooking  with  the  cooking  liquor  [24].  A  two-stage 
process  for  cooking  of  pine  wood:  1)  sulfite  —  bisulfite  (pH~5),  and  2)  normal,  which  makes  it  possible  to  treat 
pine  wood  by  the  sulfite  process,  was  proposed  long  ago  [26].  Lignosulfonic  acids  give  an  insoluble  precipitate 
when  lieated  with  phloroglncinol  [27].  Hardly  any  explanations  of  these  effects  have  been  put  forward. 

Erdtmann  [24]  wrote  that  "it  is  difficult  to  answer"  all  these  questions,  and  merely  added  "the  formation 
of  three-dimensional  molecules  comparable  with  phenolic  resins  may  be  postulated,"  without  explaining  how 
they  may  be  formed,  and  why  they  should  be  three-dimensional. 

It  is  known  that  dihydric  phenols  of  the  meta  series  react  most  rapidly  with  aldehydes,  yielding  alkylol 
phenols  or  polycondensation  products,  in  accordance  to  the  molar  proportions  of  the  reagents.  The  cause  of 
this  is  discussed  above.  It  also  explains  the  above  sequence  of  the  rates  at  which  different  phenols  inactivate 
lignin.  It  was  also  shown  above  that  every  phenol  can  react  with  two  molecules  of  any  alkylol  phenol  with  for¬ 
mation  of  a  linear  molecule  of  more  than  doubled  molecular  weight.  Since  the  condensation  rate  of  phenols 
with  alkylol  phenols  is  lowest  at  pH  =  4.2  [1],  sulfite  “  bisulfite  cooking  of  pine  wood  (containing  pinosylvin),  or 
of  spruce  with  added  resorcinol,  at  approximately  this  pH  does  not  favor  condensation  of  the  alkylol  phenol  struc¬ 
tural  units  in  lignin,  but  does  not  prevent  sulfonation  in  these  units;  the  entry  of  even  a  few  sulfo  groups  into  the 
lignin  molecule  protects  it  against  subsequent  condensation  with  resorcinol  or  pinosylvin  during  subsequent  normal 
sulfite  cooking  under  acid  conditions.  This  explanation  also  accounts  for  the  absence  of  difficulties  in  sulfite 
cooking  on  addition  of  large  amounts  of  resorcinolsulfonic  acid;  sulfonic  acids  do  not  usually  condense  with  alky¬ 
lol  phenols  [3].  The  adverse  effect  of  small  amounts  of  resorcinol  on  cooking  is  explained  by  cross  linking  of 
lignin  molecules  by  resorcinol  with  at  least  a  2-fold  increase  of  molecular  weight,  leading  to  a  decrease  in  the 
solubility  of  the  sulfonic  acids  under  otherwise  equal  conditions. 

The  condensation  of  lignosulfonic  acids  with  phloroglncinol,  which  is  contrary  to  the  general  rule  that  alky¬ 
lol  phenolsulfonic  acids  (in  this  case  lignin)  cannot  be  condensed  with  phenols,  is  explained  by  the  exceptional 
properties  of  phloroglncinol.  In  this  compound  every  hydrogen  of  the  benzene  ring  is  in  ortho  and  para  positions 
to  each  of  the  three  hydroxyls,  and  is  therefore  triply  activated;  this  is  not  the  case  for  any  other  phenols  studied 
in  this  respect. 
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Finally,  preliminary  cooking  of  chips  with  excess  formaldehyde  in  presence  of  0.01  N  sulfuric  acid,  or 
addition  of  large  amounts  of  formaldehyde  to  the  cooking  liquor,  results  in  "black  cooking"  of  spruce  wood  [28], 
while  addition  of  small  amounts  of  formaldehyde  to  the  cooking  liquor  increases  the  yield  of  cooked  cellulose 
from  36  to  42^  in  sulfite  cooking  of  pine  wood  [29].  In  the  former  case  formaldehyde,  being  the  most  reactive 
aldehyde  with  regard  to  condensation  with  phenols,  cross  links  the  11  groups  of  lignin  in  the  ortho  position  to  the 
phenolic  hydroxyl,  which  at  least  doubles  the  molecular  weight  of  the  lignin  and  lowers  the  solubility  of  the  cor¬ 
responding  lignosulfonic  acids  and  their  salts. 
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Spruce  wood  yields  up  to  SO^o  vanillin,  calculated  on  the  lignin,  when  oxidized  by  nitrobenzene  in  an  al¬ 
kaline  medium  [30],  while  similar  oxidation  of  model  substances  gives  high  yields  of  vanillin  only  if  the  sub¬ 
stances  are  3-methoxy-4-hydroxyphenyl  derivatives  with  a  carbon  side  chain  in  the  first  position  and  have  either 
a  hydroxyl  group  or  a  double  bond  at  the  first  carbon  of  the  chain  [31];  it  follows  that  in  spruce  lignin  about  40^o 
of  the  structural  units  should  have  phenolic  hydroxyls  in  position  4  in  the  benzene  ring,  and  in  such  cases  repeat¬ 
ed  cross  linking  of  lignin  molecules  is  possible,  with  multiple  increases  of  the  average  molecular  weight.  The 
explanation  of  the  favorable  influence  of  small  amounts  of  formaldehyde  on  the  cellulose  yield  in  the  sulfite 
cooking  of  pine  wood  is  that  pinosylvin  (substituted  resorcinol)  rapidly  condenses  with  formaldehyde  to  give  a 
polycondensation  product,  and  this  prevents  the  cross  linking  of  the  lignin  molecules,  with  increase  of  their  aver¬ 
age  molecular  weight,  by  the  pinosylvin  molecules. 

The  interpretation  of  "condensation"  and  "inactivation"  of  lignin  presented  in  this  paper  is  not  the  general¬ 
ly  accepted  one.  Apart  from  the  views  put  forward  by  Erdtmann  [24],  two  other  hypotheses  may  be  noted. 
Lindgren  [32]  suggests  that  phenol  condenses  with  a-benzyl  alcohol  hydroxyls  of  lignin  as  follows: 


o 

O 

1  1 

1^ 

pheno^l  Ol'Hs 

1  II 
'V" 

1  11 

1  _ 

S-OH 

Harris  and  Bergstrom  [33],  who  studied  the  hydrogenation  products  of  lignin,  found  compounds  with  sub¬ 
stituent  groups  in  position  5  of  the  six-membered  ring,  and  therefore  concluded  that  the  condensation  of  lignin 
takes  place  at  that  position. 

It  is  difficult  to  agree  with  Erdtmann's  view  that  condensed  lignin  is  a  three-dimensional  polycondensation 
product.  No  three-dimensional  polycondensation  products  are  soluble  in  the  various  solvents.  The  introduction 
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of  lyophilic  groups  does  not  change  the  situation:  sulfonated  phenolic  resins  are  insoluble  in  water,  and  are 
ion-exchange  resins;  the  same  applies  to  sulfonated  coals.  It  is  known  (see  above)  that  "condensed"  lignin  can 
be  sulfonated  up  to  a  normal  sulfur  content,  and  that  the  lignosulfonic  acids  so  formed  dissolve  in  the  cooking 
liquor,  although  slowly  [10,  13]. 

Lindgren’s  scheme  is  also  inconsistent  with  the  facts.  One  per  cent  of  resorcinol  on  the  weight  of  wood  is 
enough  to  retard  sulfite  cooking  sharply;  in  our  interpretation,  this  Is  accounted  for  by  cross  linking  of  the  lignin 
macromolecules  by  resorcinol,  with  doubling,  trebling,  etc.  of  the  molecular  weight  of  lignin  and  all  the  con¬ 
sequences  of  this.  According  to  Lindgren,  sulfite  cooking  can  be  inhibited  by  phenols  only  if  a  very  considerable 
number  of  a-alcohol  or  a-ether  groups  reacts  with  a  phenol;  the  amount  of  phenol  needed  for  this  must  be  com¬ 
parable  with  the  weight  of  lignin,  and  this  is  not  in  fact  the  case. 

We  agree  with  the  hypothesis  of  Harris  and  Bergstrom,  as  in  the  structural  unit  of  type  II  only  the  fifth  posi¬ 
tion  (the  ortho  position  with  respect  to  the  phenolic  hydroxyl)  should  be  capable  of  condensation. 

These  authors  did  not  attach  a  wide  significance  to  their  views,  and  did  not  attempt  to  correlate  the  chem¬ 
istry  of  lignin  with  the  chemistry  of  phenol  “  aldehyde  resins. 

In  our  opinion  such  correlation  is  justified,  and  can  lead  to  many  conclusions  of  theoretical  and  practical 
importance. 
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METHODS  FOR  THE  SEPARATION  OF  L IG  NOSU  LF  ON  I C  AND 


CARBOHYDRATE  SULFONIC  ACIDS* 

M.  N.  Tsypkina  and  I.  M.  Balashova 
Central  Scientific  Research  Institute  of  Paper 


The  liquors  formed  in  sulfite  cooking  of  cellulose  are  very  complex  in  composition.  In  addition  to  dis¬ 
solved  mono-  and  polysaccharides  and  such  of  their  degradation  products  as  furfural,  aldonic  acids,  carbohydrate 
sulfonic  acids  of  different  molecular  weights  and  probably  of  different  structures,  the  liquors  contain  lignosul- 
fonic  acids  among  their  principal  components.  These  acids  vary  greatly  in  molecular  weight  and  composition. 
According  to  available  data,  the  molecular  weight  of  lignosulfonates  varies  from  300-400  to  20,000  [1].  In  ac¬ 
cordance  with  the  cooking  conditions,  the  acid  constituents  of  lignosulfonates  contain  both  sulfo  groups  of  dif¬ 
ferent  strengths  (with  K  =  10"^.  lO^^.and  10"*)  [2],  and  strongly  acid  COOH  groups  [3]. 

For  investigation  of  the  reactions  of  lignin  in  sulfite  cooking,  it  is  necessary  to  extract  the  lignosulfonic 
acids  formed  during  cooking  from  the  liquor  and  to  study  them.  All  the  methods  proposed  up  to  now  for  isola¬ 
tion  of  lignosulfonates  are  based  on  salting  out  or  dehydration,  and  not  on  chemical  reactions,  and  the  degree  of 
precipitation  of  the  low-molecular  lignosulfonate  fractions  depends  on  the  nature  of  the  precipitant. 

A  particularly  important  fact  is  that  in  such  precipitation  it  is  impossible  to  avoid,  by  any  technical  meth¬ 
ods.  the  coprecipitation  of  carbohydrate  sulfonic  acids  of  fairly  high  molecular  weight  together  with  the  ligno¬ 
sulfonates. 

For  separation  of  lignosulfonates  and  carbohydrate  sulfonates  it  is  necessary  to  have  a  range  of  specific 
precipitants,  each  of  which  reacts  chemically  with  only  one  of  these  acids.  For  this  purpose  we  made  use  of  the 
fact,  discovered  by  Yatsimirskii  [4],  that  complex  compounds  with  anions  of  aromatic  sulfonic  acids  in  the  outer 
sphere  are  sparingly  soluble. 

Carbohydrate  sulfonic  acids  are  not  aromatic,  and  therefore  should  not  be  precipitated  by  complex  salts. 

Tlie  sulfo  group  in  lignosulfonic  acids  is  in  the  side  chain  and  not  in  the  aromatic  nucleus.  Moreover,  they  con¬ 
tain  the  hydrophilic  “*  OH  and  “  COOH  groups  which,  according  to  Yatsimirskii,  increase  the  solubility  of  the 
complex  compound  formed;  therefore  it  was  necessary  to  carry  out  special  tests  to  confirm  that  lignosulfonates 
are  precipitated  by  complex  salts.  Sulfite  liquors  from  the  cooking  of  spruce  wood,  and  periodate  lignin  con¬ 
taining  89. 15*70  of  Klason's  lignin,  were  used  for  these  tests.  The  precipitation  of  sulfonic  acids  from  liquors  ob¬ 
tained  in  the  sulfite  cooking  of  holocellulose  containing  0.2^0  lignin,  and  in  the  cooking  of  glucose  with  sul¬ 
fite  “  bisulfite  solution,  was  studied  for  comparison. 

The  precipitants  used  were  saturated  solutions  of  hexamminecobaltichloride  [CofNHslgJCls  and  hexammine- 
cobaltinitrate  [CofNHsle]  (NOsla,  added  in  excess.  The  precipitates  were  centrifuged  and  washed  with  water  to 
a  negative  reaction  for  chloride  or  NO3  respectively.  The  results  are  given  in  Table  1. 


•  Communication  III  on  the  chemistry  of  the  sulfite  process.  Communication  II  was  published  in  the  Scientific 
Transactions  of  the  Institute  of  Paper.  No.  42  (1957). 

E.  I.  Kosilova,  M.  N.  Atapina,  and  Z.  P.  Lampsakova  took  part  in  the  work. 
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TABLE  1 


Precipitation  of  Lignosulfonic  Acids  and  Carbohydrate  Sulfonic  Acids  by  Complex  Salts 


Material  cooked 


cooKing  conditions, 

and  characteristics 

spmce  wood 

periodate  lignin 
from  spruce 

holocellulose 

glucose 

Cooking  acid 

Cooking  liquor 

total  SOj— 

-7.0  % 

(NH4)20- 
-  0.64% 

total  503“ 

-6.8% 

Ca  0-1.0% 

total  SOj— 
-6.8% 

Ca  0-1.0% 

Sulfite  —  bisulfite 
solution,  pH  =  6.6, 
total  502-10.64% 

Cooking  conditions 

Heating  up  to 

135*,  3.5 
hours;  cooking 
at  135“, 

1.5  hours 

Heating  up  to  140“,  5.5  hours; 
cooking  at  140“,  4  hours 

Heating  up  to  135“ 

1  hour;  cooking  at 

135“;  6  hours 

Nature  of  sulfonic  acids 
formed 

Mixture  of  ligno¬ 
sulfonic  and  car¬ 
bohydrate  sul¬ 
fonic  acids 

Lignosulfonic 
acids,  with  a 

small  mixture 
of  carbohydrate 
sulfonic  acids 

Carbohydrate 
sulfonic  acids 

Glucosesulfonic 

acid 

Dense  residue  from  liquor 
(%  on  ash-free  substance) 

11.85 

0.34 

3.86 

3.48 

Firmly  bound  sulfur  (%  on 
organic  matter) 

5.77 

5.18 

5.07 

6.59 

Methoxyl  content  (%  on 
organic  matter) 

10.92 

13.58 

1.61 

nil 

S:  OCH3  in  organic  matter 
of  liquor 

1;  1.95 

1:  2.70 

1 

1 ;  0.33 

Precipitant 

Hexamminecobaltichloride 

Amount  of  firmly-bound 
sulfur  precipitated  (%  of 
initial  content) 

1 

67.7 

100 

nil 

nil 

Amount  of  methoxyl  pre¬ 
cipitated  (%  of  initial  con¬ 
tent) 

83.0 

90.9 

nil 

nil 

S:0CH3  in  precipitate 

1 :  2.38 

1 :  2.43 

- 

- 

As  was  to  be  expected,  neither  the  carbohydrate  sulfonic  acids  formed  in  the  cooking  of  holocellulose  nor 
glucosesulfonic  acid  are  precipitated  by  the  complex  salts.  Lignosulfonic  acids  formed  by  the  cooking  of  perio¬ 
date  lignin  are  precipitated  almost  quantitatively  by  complex  salts.  The  degree  of  precipitation  of  methoxyls 
and  firmly-bound  sulfur  from  sulfite  liquors  was  67.7  and  83.0%  respectively.  The  unprecipitated  portions  of 
these  are  probably  combined  with  the  carbohydrate  components  of  the  liquor.  Thus,  hexamminecobaltichloride 
can  be  used  for  quantitative  precipitation  of  lignosulfonic  acids  and  separation  of  the  latter  from  carbohydrate 
sulfonic  acids. 
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T A  BLE  2 


Influence  of  Various  Factors  on  Precipitation  of  Lignosulfonates  by  Complex  Salts 


Type  of  liquor 

1 

pH  of 
liquor 

Dense  residue 
(ashless)  (*70) 

Amount  of  lignosul¬ 
fonates  precipitated 
{°Io  of  dense  liquor 
residue) 

Sulfite  liquor,  hardness  92*  B 

1.69 

10.13 

71.70 

Same  liquor  after  cation  exchange 

0.99 

6.48 

72.50 

Same  liquor,  boiled  1.5  hours  with 
hydrochloric  acid  {O.b^h  HQ  solution) 

Not 

determined 

6.20 

71.00 

Sulfite  liquor,  hardness  46*  B 

1.25 

9.82 

70.12 

Same  liquor  after  addition  of  NaOH 

1.50 

Not 

determined 

71.35 

The  same 

2.50 

7  0.00 

Same  liquor  after  cation  exchange  and 
conversion  of  lignosulfonates  into 
barium  salts 

6.50 

9.30 

>  71.30 

A 


It  was  found  in  separate  experiments  that  hexamminecobal- 
tinitrate  acts  similarly.  The  reaction  taking  place  in  the  precipi¬ 
tation  of  lignosulfonates  can  be  represented  as  follows: 


:^LignS03Mc-^  (Co(Ml3)„J(:i3  |Co(NIl3)6j(LignS03)3  +  3MeCI. 

In  the  usual  precipitation  of  lignosulfonates  by  means  of 
aromatic  amines,  alcohols,  etc.,  it  has  been  found  that  salts  are 
precipitated  very  much  better  than  the  free  lignosulfonic  acids; 
the  barium  salts  are  precipitated  most  completely.  The  precipita¬ 
tion  of  lignosulfonates,  especially  by  alcohols,  is  largely  deter¬ 
mined  by  their  concentration  in  solution.  Finally,  the  degree  of 
precipitation  of  lignosulfonates  from  sulfite  liquors  varies  with  the 
degree  of  cooking,  which  influences  their  molecular  dimensions. 

Table  2  shows  the  effects  of  all  these  factors,  and  of  the  pH 
of  the  medium  (in  the  pH  range  from  1.0  to  6.5),  on  the  precipita¬ 
tion  of  lignosulfonates  by  complex  salts. 


It  is  clear  from  Table  2  that  none  of  the  factors  tested  has 
Conductometric  titration  of  acids  from  appreciable  influence  on  the  precipitation  of  lignosulfonates 

lignosulfonate  sample  (30  ml  of  sample  by  complex  salts. 

+  20  ml  of  water)  with  caustic  soda: 

A)  conductivity;  B)  ml  of  0.1000  N  NaOH.  'The  precipitates  with  complex  salts  were  treated  with  0.1 

and  1  N  caustic  soda  solutions  to  isolate  lignosulfonates.  The  pre¬ 
cipitate  is  dissolved  completely  in  16  minutes,  0.40  g  NaOH  per  g 
of  precipitate  being  consumed,  irrespectively  of  the  normality  of  the  caustic  soda  solution.  With  a  lower  con¬ 
sumption  of  NaOH  the  precipitate  dissolves  more  slowly.  If  the  alkaline  solution  formed  is  passed  through  a  ca¬ 
tion  exchanger  in  the  H  form,  it  can  be  freed  both  from  the  cations  bound  with  the  lignosulfonates  and  from  ex¬ 
cess  alkali. 


The  diagram  shows  the  curve  obtained  by  conductometric  titration,  with  0.1  N  caustic  soda  solution,  of  a 
sample  of  lignosulfonic  acids  isolated  from  sulfite  liquor  by  means  of  hexamminecobaltichloride  and  then  freed 
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from  cations  as  described  above.  The  sulfonic  sulfur  in  the  sample,  calculated  from  the  titration  curve,  was 
found  to  be  6.86*70  of  the  dense  residue. 


SUMMARY 

1.  The  complex  salts  [Co(NH)6]Cl3  and  [Co( NHsleX NOsls  can  be  used  for  complete  isolation  of  lignosul- 
fonates  from  solution,  and  for  separation  of  lignosulfonates  from  carbohydrate  sulfonic  acids  present  with  them 
in  sulfite  liquors. 

2.  Precipitation  of  lignosulfonic  acids  by  complex  salts  is  not  influenced  by  the  degree  of  cooking  of  the 
pulp,  the  solution  pH  (in  the  range  from  0.1  to  6.5),  or  the  nature  of  the  cations  in  the  lignosulfonates.  Free 
lignosulfonic  acids  are  precipitated  as  completely  as  their  salts. 

3.  The  free  acids  can  be  isolated  from  the  complex  precipitates,  containing  the  lignosulfonate  anion  in 
the  external  sphere,  by  solution  of  the  precipitates  in  alkali  and  removal  for  cations  by  means  of  a  cation-ex- 
changer  in  the  H  form. 

It  is  our  pleasant  duty  to  thank  Professor  K.  B.  Yatsimirskii  for  advice  in  this  investigation. 
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DETERMINATION  OF  THE  PERCENTAGES  OF  1  -  4,  3  “  4.  AND  1  -  2 
UNITS  IN  SYNTHETIC  ISOPRENE  RUBBERS  FROM  THE  CURVES  FOR  THEIR 
RATES  OF  OXIDATION  BY  BENZOYL  HYDROPEROXIDE 

N.  G.  Kasatkina 


Ethylenic  compounds  of  different  degrees  of  substitution  are  oxidized  by  benzoyl  hydroperoxides  at  different 
rates.  Tetrasubstituted  ethylenes  are  oxidized  at  the  highest  rate,  and  monosubstituted  at  the  lowest  [1].  The 
relative  contents  of  double  bonds  in  unsaturated  compounds  can  be  estimated  from  the  kinetic  curves  for  their 
oxidation  by  benzoyl  hydroperoxide  [2],  The  reaction  of  benzoyl  hydroperoxide  with  unsaturated  compounds  has 
been  used  for  determination  of  relative  contents  of  bonds  formed  by  1  “  4  and  1  ~  2  addition  in  divinyl  rubbers 
[3.  4]. 

Synthetic  isoprene  rubbers  containing  the  units  (I),  (II),  and  (Ill)  were  studied  in  the  present  investigation; 

(■II3 

-CH.-r— CH-CHy-  (I) 

1-4  unit 

CHa 

I 

f  ’U  , -C— 

I 

UC- CM. 

1- 2  unit 

-CHo-CH- 

I 

C-CIIa 

II 

CII2 

2— 4  unit 


(ID 

(III) 


The  double  bond  in  unit  (I)  corresponds  to  the  double  bond  in  trisubstituted  ethylene;  in  unit  (II),  to  the 
double  bond  in  monosubstituted  ethylene;  and  in  unit  (III),  to  the  double  bond  in  disubstituted  asymmetric  ethy¬ 
lene.  These  three  types  of  double  bond  present  in  the  molecule  of  synthetic  isoprene  rubber  should  be  oxidized 
at  different  rates. 

Curves  for  the  rates  of  oxidation  of  unsaturated  compounds  and  their  mixtures  by  benzoyl  hydroperoxide 
may  be  interpreted  by  various  methods,  such  as  the  use  of  calibration  graphs,  graphical  extrapolation,  etc.  Our 
chosen  method  was  by  comparison  of  the  kinetic  curve  for  the  oxidation  of  rubber  by  benzoyl  hydroperoxide  with 
curves  for  the  oxidation  rates  of  model  compounds  containing  double  bonds  of  the  same  type  as  are  present  in  the 
mbber. 


Limonene 


CM... 

— C’.Il 
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A 


Curves  for  the  rate  of  oxidation  of  benzoyl  hydroperoxide: 

A)  amount  of  substance  oxidized  B)  time  (minutes);  1)  gutta-percha.  2)  No.  1, 
3)  limonene,  4)  No. 4,  5)  No. 3,  6)  No.  2. 


table  1  TABLE  2 

Results  of  Determinations  of  the  Contents  of  Dif*-  Elementary  Analysis  of  Rubbers 

ferent  Units  in  Synthetic  Isoprene  Rubbers  - 1 - 


Rubber 

Number  of  units  de¬ 
termined  by  titration 

! - 

Total  contents 

of  3  —  4  and 

Rubber 
sample  No. 

Carbon 

Hydrogen 

sample  No. 

with  benzoyl  per¬ 
oxide  (%) 

1  —  2  units,  de¬ 
termined  by  in- 

Found  (%) 

1-4 

3-4 

1-2 

fra  red  spectro¬ 
scopy  cyo) 

1 

88.22 

11.65 

2 

88.18 

11.54 

1 

91 

7 

2 

9 

3 

88.23 

11.59 

2 

29 

29 

40 

— 

4 

87.85 

11.76 

Gutta-percha 

88.20 

11.63 

3 

28 

26 

45 

70 

Calculated  for  Csl^ 

4 

48 

12 

31 

45 

88.24 

11.76 

contains  double  bonds  similar  to  the  bonds  in  (1)  and  (111)  units  of  isoprene  rubber  [the  double  bond  in  the  limo¬ 
nene  ring  corresponds  to  the  double  bond  of  unit  (I),  and  the  double  bond  in  the  side  chain  corresponds  to  the 
double  bond  of  unit  (III)).  This  hydrocarbon  was  used  as  the  model  compound  for  determination  of  the  total 
amount  of  1  —  4  and  3  —  4  units  in  isoprene  mbbers.  The  second  model  compound  used  for  determination  of  (I) 
units  in  isoprene  rubber  was  gutta-percha,  which  contains  98*^  of  1  —  4  units.  The  double  bond  in  gutta-percha 
is  of  the  type  in  trisubstituted  ethylene. 

Curves  for  the  oxidation  rates  of  different  isoprene  rubbers  were  plotted.*  Kinetic  curves  for  the  oxidation 
of  limonene  and  gutta-percha  under  the  same  conditions,  i.e.,  at  the  same  concentration  ratios  of  unsaturated 
compound  to  benzoyl  hydroperoxide,  were  also  determined.  The  oxidation-rate  curves  for  the  mbbers,  limonene, 
and  gutta-percha  were  plotted  on  the  same  graph,  with  the  time  taken  along  the  abscissa  axis,  and  the  amount 
of  substance  oxidized  (%)  taken  along  the  ordinate  axis.  The  time  required  for  oxidation  of  all  the  double  bonds 
in  gutta-percha  corresponds  to  the  time  required  for  oxidation  of  all  the  double  bonds  in  1-4  units  of  isoprene 
rubber.  The  time  needed  for  oxidation  of  all  the  double  bonds  in  limonene  corresponds  to  the  time  of  oxidation 
of  the  double  bonds  in  1-4  and  3-4  units  of  isoprene  mbber. 

•  We  thank  D.  P.  Feringer  for  supplying  us  with  rubbers  characterized  by  their  infrared  spectra. 
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Ordinates  are  drawn  from  the  points  corresponding  to  the  oxidation  times  of  gutta-percha  and  limonene 
to  their  points  of  intersection  with  the  curve  for  the  oxidation  rate  of  the  mbber,  and  then  to  the  abscissa  axis. 

The  intercepts  of  the  ordinates  from  the  absicssa  axis  to  the  points  of  intersection  on  the  curve  for  the  oxidation 
rate  of  the  rubber  give  the  percentage  of  1  ~  4  units  and  the  total  percentage  of  1  “  4  and  3  “  4  units  respectively. 

If  the  total  unsaturation  of  the  rubber  is  known,  subtraction  of  the  total  percentage  of  1  ~  4  and  3  —  4  units 
from  it  gives  the  percentage  of  1  “  2  units. 

Curves  were  plotted  for  the  oxidation  rates  of  four  samples  of  synthetic  isoprene  rubber,  and  of  the  model 
compounds:  limonene  and  gutta-percha  (Table  1;  diagram;  samples  Nos.  1.  2.  3,  and  4). 

The  aggregate  contents  of  3  —  4  and  1  —  2  units  in  rubber  Nos.  1.3.  and  4  were  estimated  by  infrared  spec¬ 
troscopy. 

These  data  almost  coincide  with  the  results  found  by  titration  with  benzoyl  hydroperoxide. 

The  proposed  titration  method  with  the  use  of  benzoyl  hydroperoxide  is  very  convenient,  as  it  does  not  in¬ 
volve  the  use  of  complicated  apparatus,  and  can  be  used  for  fairly  rapid  determination  of  the  percentage  contents 
of  1—4.  3—4.  and  1  —  2  units  in  synthetic  rubbers. 

EXPERIMENTAL 

The  rubbers  were  purified  by  twofold  precipitation  by  ethyl  alcohol  from  benzene  solution.  All  the  opera¬ 
tions  were  performed  in  oxygen-free  nitrogen.  The  rubbers  were  dried  to  constant  weight  under  2  mm  residual 
pressure,  and  analyzed  by  combustion  with  copper  oxide.  The  results  of  elementary  analysis  of  the  rubbers  are 
given  in  Table  2. 

Total  unsaturation  was  found  from  the  amount  of  iodine  bromide  added  at  the  double  bonds  [5-7].  The 
results  of  unsaturation  determinations  on  the  synthetic  isoprene  rubbers  are  given  below; 

Rubber  sample  No . 1  2  3  4 

Unsaturation  {%)  .  100  98.3  98.8  91.1 

The  rates  of  oxidation  of  rubbers  and  model  compounds  by  benzoyl  hydroperoxide  were  determined  as  fol¬ 
lows:  to  100  nil  of  0.02  M  solution  of  rubber  or  model  compound  in  chloroform  an  equal  volume  of  0.11  N  solu¬ 
tion  of  benzoyl  hydroperoxide  in  the  same  solvent  was  added,  and  5  ml  samples  were  taken  at  definite  time  in¬ 
tervals  for  iodometric  determination  of  the  converted  double  bonds.  Parallel  2.5  ml  samples  of  benzoyl  hydro¬ 
peroxide  solutions  were  taken  (blank  experiment).  The  oxidation  was  performed  in  a  thermostat  at  0",  Ben¬ 
zoyl  hydroperoxide  was  prepared  from  benzoyl  peroxide  (m.p.  103  —  104")  by  the  action  of  sodium  methylate 
with  subsequent  decomposition  of  the  hydroperoxide  salt  by  sulfuric  acid. 

SUMMARY 

1.  Conditions  have  been  found  for  simple  and  rapid  determination  of  the  percentage  contents  of  1  —  4, 

3  —  4,  and  1  —  2  units  in  synthetic  isoprene  rubbers  from  the  curves  for  the  rates  of  their  oxidation  by  benzoyl  hy¬ 
droperoxide. 

2.  The  contents  of  1  “4,  3  —  4,  and  1  —  2  units  in  syntlietic  isoprene  rubbers  were  determined  by  compari¬ 
son  of  the  curves  for  the  rates  of  their  oxidation  by  benzoyl  hydroperoxide  with  oxidation  curves  for  model  com¬ 
pounds—  limonene  and  gutta-percha. 
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OXIDATION  OF  PARAFFIN.  INITIATED  BY  CHLORINE 


AT  THE  FIRST  REACTION  STAGE 

I.  V.  Berezin,  G.  Vagner,  and  N.  M,  Emanuel’ 


It  is  known  that  the  oxidation  of  paraffin  by  atmospheric  oxygen  is  the  basis  of  the  industrial  process  for 
production  of  synthetic  fatty  acids  used  in  detergent  manufacture,  and  as  raw  materials  for  the  production  of 
higher  aliphatic  alcohols,  plasticizers,  etc.  The  best  catalyst  for  the  technical  oxidation  process  at  the  present 
time  is  potassium  permanganate,  with  the  aid  of  which  the  reaction  can  be  conducted  at  an  acceptable  rate  to 
give  acids  of  the  required  composition.  However,  the  use  of  this  catalyst  results  in  the  formation  of  the  so-called 
catalyst  sludge  during  the  reaction;  this  contaminates  the  reactors  and  makes  it  impossible  to  perform  the 
oxidation  as  a  continuous  process,  which  would  make  possible  considerable  intensification  of  the  production  of 
synthetic  fatty  acids.  In  this  connection  recent  work  on  the  oxidation  of  liquid  hydrocarbons  by  gaseous  catalysts 
is  of  definite  interest.  This  method  for  stimulation  of  liquid-phase  chain  oxidation  reactions  by  addition  of 
certain  catalytic  gases  (NO2.  HBr.  etc.)  to  the  air  during  a  brief  initial  period  has  been  termed  gaseous  initi¬ 
ation  [1]. 

The  literature  contains  some  instances  of  gas  initiation  of  hydrocarbon  oxidation;  for  example,  by  chlo¬ 
rine  [2].  However,  in  these  cases  gas  initiation  was  used  during  the  entire  reaction;  it  has  been  found  [1]  that 
this  is  not  only  superfluous,  but  gives  worse  results  than  brief  initiation  during  the  first  period. 

An  important  advantage  of  gaseous  initiation  is  absence  of  catalyst  sludge  and  of  consequent  contamina¬ 
tion  of  the  reactor.  This  suggests  that  the  oxidation  process  might  be  made  continuous  with  the  use  of  this  ini¬ 
tiation  technique. 

The  purpose  of  the  present  investigation  was  to  determine  the  principal  characteristics  of  primary  initia¬ 
tion  by  means  of  chlorine  addition  in  the  oxidation  of  brown-coal  "Koepsen"  paraffin  (from  the  German  Demo¬ 
cratic  Republic).  Since  the  principle  oxidation  products  are  fatty  acids,  attention  was  devoted  mainly  to  the 
kinetics  of  their  formation  and  accumulation. 

The  theoretical  principles  of  primary  gas  initiation  were  considered  in  a  paper  by  one  of  us  [1].  This  pa¬ 
per  was  based  on  the  view  that  processes  of  hydrocarbon  oxidation  belong  by  their  mechanism  to  the  class  of 
chain  reactions  with  degenerate  branching,  the  theory  of  which  was  put  forward  by  Semenov  [3].  The  increase 
in  the  number  of  free  valences  in  reactions  with  degenerate  branching  is  the  consequence  of  the  comparatively 
rare  instances  of  decomposition  of  intermediate  products  into  free  radicals.  Because  of  this,  the  course  of  the 
reaction  as  a  whole  depends  on  the  formation  rate  of  active  centers  during  the  initial  period,  when  the  rate  of 
branching  is  still  low.  According  to  the  paper  cited  [1],  the  mechanism  of  chain  reactions  includes  at  least  two 
consecutive  macroscopic  stages  ~  combinations  of  elementary  processes  leading  to  the  formation  of  the  final 
products  or  of  stable  intermediate  substances.  The  course  of  the  process  as  a  whole  can  be  influenced  by  action 
on  these  macroscopic  stages,  or  by  artificial  creation  of  such  stages.  Gas  initiation  is  such  an  artificially-created 
macroscopic  stage,  the  purpose  of  which  is  to  stimulate  the  branched  cliain  reaction.  In  the  first  approximation, 
the  action  of  this  macroscopic  stage  of  primary  gas  initiation  consists  of  increasing  of  the  rate  of  chain  initiation. 

EXPERIMENTAL 

The  apparatus  used  for  experiments  on  the  kinetics  of  paraffin  oxidation  is  shown  schematically  in  Fig.  1. 
The  oxidation  cell  1  with  a  sampling  pipet  2  was  contained  in  a  thermostat  3.  Air  and  chlorine  passed  into  the 
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Fig.  1.  Apparatus  for  chlorine-initiated  oxida 
tion  of  paraffin. 


Fig.  2.  Effects  of  paraffin  charge  in  the  re¬ 
actor  and  air  rate  on  the  kinetics  of  acid 
accumulation;  temperature  135*,  initi¬ 
ation  period  16  minutes  with  15*^  chlorine 
content: 

A)  acid  number,  B)  time  (hours);  air  rate 
(liters/hour);  1)  11  per  40  g,  2)  11  per  30  g, 
3)  8  per  30  g,  4)  15  per  30  g. 


reactor  through  the  flow  meters  4  and  5.  Chlorine  was 
made  by  oxidation  of  hydrogen  chloride  by  permanganate 
in  the  continuous  generator  6, 

Of  the  oxygen-containing  compounds,  only  acids 
were  determined;  this  was  done  by  titration  with  0.05  N 
alcoholic  KOH.  The  acid  contents  of  the  oxidation  pro¬ 
ducts  were  expressed,  in  accordance  with  works  practice, 
in  terms  of  acid  numbers,  i.e.,  in  mg  KOH  required  for 
neutralization  of  the  acids  present  in  1  g  of  a  sample. 

The  oxidation  of  paraffin  depends  considerably  on 
the  air  rate,  temperature,  and  the  kind  of  catalyst  (ini¬ 
tiator).  The  rate  of  air  supply  per  unit  weight  of  the  ma¬ 
terial  being  oxidized  is  an  important  parameter.  The  air 
rate  was  therefore  specially  chosen  to  give  the  maximum 
rate  of  acid  formation  (at  a  given  paraffin  charge  in  the 
oxidation  cell). 

The  experiments  on  paraffin  oxidation  were  per¬ 
formed  at  135*.  The  reaction  was  initiated  during 
the  first  15  minutes  with  \b°lo  of  chlorine  in  the  air.  The 
course  of  the  kinetic  curves  showing  accumulation  of  acids 
at  different  air  rates  is  shown  in  Fig.  2.  It  follows  from 
Fig.  2  that  the  optimum  air  rate  w  is  11  liters/hour  per 
40  g.  In  the  following  series  of  experiments  the  effect  of 
the  initiation  time  on  the  kinetics  of  acid  formation  was 
investigated.  The  experiments  were  performed  at  135*, 
w  =  11  llters/40  g,  and  15*70  Clj  in  the  air.  The  results 
of  these  experiments  are  given  in  Fig.  3.  It  is  seen  that  3 
minutes  of  initiation  results  in  a  high  yield  of  acids,  but 
with  a  quite  appreciable  induction  period  (6.5  hours). 

With  initiation  periods  of  10  and  7.5  minutes  (i.e., 
intermediate  between  15  and  3  minutes)  the  process  of 
acid  accumulation  is  worsened  appreciably.  The  kinetic 
curves  for  acid  formation  have  maxima  at  acid  numbers 
of  about  50.  Thus,  in  this  series  of  experiments  the  best 
results  were  obtained  with  initiation  for  15  minutes. 

A  similar  effect  was  observed  in  experiments  with 
initiation  of  constant  duration  (15  minutes),  but  with  dif¬ 
ferent  percentage  contents  of  Clj  in  the  air.  As  before, 
the  temperature  and  air  rate  in  these  experiments  were 
maintained  at  135®  and  11  liters/40  g  respectively. 


Fig.  4.  shows  kinetic  curves  for  acid  formation  with  the  process  initiated  by  chlorine,  with  chlorine  contents 
from  16  to  1.6*^  by  volume  in  the  air.  It  is  seen  in  Fig.  4  that  the  kinetic  curves  for  acid  formation  at  1.5  and 
15*70  are  fairly  close  to  each  other.  The  results  are  less  good  at  intermediate  chlorine  contents  in  the  air.  (The 
maximum  yield  was  obtained  roughly  at  acid  number  40).  There  is  some  resemblance  to  the  experiments  the 
results  of  which  are  given  in  Fig.  3,  but  with  the  difference  that  in  this  case  the  difference  between  the  induction 
period  is  not  so  great. 


All  the  oxidation  products  in  the  experiments  represented  in  Figs.  3  and  4  were  dark  in  color  at  the  end 
of  the  reaction,  owing  to  the  formation  of  appreciable  amounts  of  ether  acids  and  hydroxy  acids  [4].  This  is 
particularly  the  case  in  the  experiments  the  kinetic  curves  of  which  have  maxima  at  acid  numbers  40-50.  in 
experiments  with  additional  initiation  of  the  reactions  at  the  saturation  points  of  the  kinetic  curves  better  results 
or  higher  yield  were  not  obtained. 
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Fig.  3.  Effect  of  initiation  time  on  the  ki¬ 
netics  of  acid  formation  (with  15*70  CI2  in 
air);  temperature  135*: 

A)  acid  number,  B)  time  (hours):  initiation 
time  (minutes):  1  —  15,  2  —  10,  3  —  7.5, 
4-3. 


The  results  obtained  in  oxidation  of  paraffin  at  125* 
are  given  in  Fig.  5.  The  air  rate  was  11  liters/40  g  as 
before.  Initiation  was  continued  for  15  minutes  with  15*70 
CI2  in  the  air.  It  is  clear  from  Fig.  5  that  the  reaction  de¬ 
velops  sluggishly  after  a  7-hour  induction  period.  Although 
the  color  of  the  oxidation  product  after  24  hours  of  oxida¬ 
tion  was  good,  the  acid  content  did  not  increase  with  further 
oxidation,  but  remained  constant  at  a  level  corresponding 
to  acid  number  28. 

A  series  of  experiments  was  performed  in  order  to  de¬ 
termine  the  influence  of  a  variable-temperature  regime  on 
the  oxidation  kinetics.  At  the  initial  stage  of  the  reaction 
the  temperature  was  maintained  at  135",  and  after  some 
time  it  was  lowered  to  125*  (Fig.  5).  This  diagram 
shows  the  kinetic  curve  for  acid  formation  when  the  process 
was  conducted  for  5  hours  at  135* ,  the  temperature  then 
being  lowered  (during  1  hour)  to  125*.  When  the  re¬ 
action  was  initiated  with  15*7o  of  chlorine  in  the  air  during 
the  first  15  minutes,  at  an  air  rate  of  11  liters/40  g,  it  pro¬ 
ceeded  during  the  first  5  hours  in  accordance  with  the  ki¬ 
netics  of  the  process  at  135*,  and  then  continued  at  a 
rate  characteristic  of  the  process  at  125*,  I.e.,  the  in¬ 
duction  period  was  shortened,  and  in  16  hours  the  reaction 
reached  a  limit  which  was  somewhat  higher  than  in  oxida¬ 
tion  at  125®. 

The  same  diagram  shows  the  results  of  an  experiment 
in  which  a  temperature  of  135*  was  maintained  only 
during  15  minutes  of  initiation,  and  it  was  then  lowered  to 
125*  during  10  minutes.  In  comparison  with  the  reac¬ 
tion  performed  at  125*  throughout,  the  induction  period 
was  considerably  sliortened,  while  the  ultimate  acid  yield 
rose  to  acid  number  36. 

Whereas  the  induction  periods  were  considerably 
shortened  in  experiments  in  which  the  initial  stage  of  the 
reaction  took  place  at  135®,  and  the  reaction  then  pro¬ 
ceeded  at  125®,  in  the  experiments  in  which  the  temperature 
at  the  start  of  the  reaction  was  145*  and  was  then  low¬ 
ered  to  135*  there  were  no  induction  periods  at  all  (Fig. 
6).  This  diagram  shows  the  results  of  an  experiment  in 
which  the  temperature  was  maintained  at  145*  during 
the  first  3  hours,  and  then  dropped  rapidly  to  135*.  The 
reaction  was  initiated  with  15*70  chlorine  for  15  minutes  at 
an  air  rate  of  11  liters/40  g  (Fig.  6,  Curve  4).  The  process 
develops  very  rapidly  at  first,  but  the  acid  yield  reaches  a  certain  limit  (acid  number  16)  just  as  rapidly,  where 
it  stops.  Another  experiment  performed  under  milder  initiation  conditions,  with  15*7o  CI2  for  two  minutes,  follow¬ 
ed  by  2  hours  15  minutes  at  145®,  and  then  continued  to  the  end  at  135*(Fig.  6,  Curve  2).  The  kinetic  curve 
for  acid  formation  rose  sharply  in  this  experiment  also,  reaching  the  limiting  acid  number  of  33  in  5  hours.  The 
last  in  the  series  with  variable  temperature  regimes  was  an  experiment  with  even  milder  initiation  conditions. 

For  4  hours  the  oxidation  temperature  was  kept  at  145®,  and  it  was  then  lowered  to  135®.  The  initiation 
was  effected  with  1.5*7o  chlorine  in  the  air  for  only  4  minutes  (Fig.  6,  Curve  3).  There  was  virtually  no  induction 
period  in  this  instance,  and  the  process  was  slower,  although  the  acid  number  was  higher  (38)  than  in  the  preced¬ 
ing  experiment.  The  results  of  initiation  with  15*7’  CI2  for  15  minutes  at  135*  are  shown  in  Fig.  6  (Curve  1). 


Fig.  4.  Effect  of  chlorine  content  in  air  on 
the  kinetics  of  acid  formation  at  constant 
initiation  time  (15  minutes);  temperature 
135“: 

A)  acid  number  B)  time  (hours);  chlorine 
content  (*70):  1  —  15,  2  —  1.5,  3  —  4,  4  —  7.5. 
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Fig.  5.  Effect  of  temperature  on  the  kinetics 
of  acid  formation;  Initiation  conditions:  15 
minutes  with  15%  Clj  in  air;  A)  acid  number, 
B)  time  (hours);  curves: 

1)  at  135*;  2)  135*  for  5  hours,  then  at  125*; 

3)  135*  for  15  minutes,  then  at  125*;  4)  at 
125*. 


Fig.  6.  Kinetics  of  acid  accumula¬ 
tion  under  different  initiation  condi¬ 
tions: 

A)  acid  number,  B)  time  (hours);  the 
curve  numbers  are  explained  in  the 
text. 


Fig.  7.  Effect  of  chlorine  content  in 
the  air  on  the  kinetics  of  acid  forma¬ 
tion  in  oxidation  of  Grozny!  paraffin; 
temperature  135* ,  initiation  time 
15  minutes;  A)  acid  number,  B)  time 
(hours);  chlorine  contents  (%): 

1)  7.5;  2)  12;  3)  15;  4)  1.5. 


In  order  to  introduce  another  material  into  the  in¬ 
vestigation  range  and  at  the  same  time  to  check  whether 
the  low  yields  in  experiments  with  Koepsen  paraffin  are 
due  to  side  processes  which  develop  independently  of  the 
initiation  conditions,  experiments  on  gas  initiation  with 
chlorine  were  also  performed  with  paraffin  obtained  from 
petroleum. 

The  results  of  these  experiments,  with  different  per¬ 
centage  contents  of  chlorine  in  the  air,  are  plotted  in  Fig. 

7.  In  these  experiments  oxidation  was  characterized  by  a 
rapid  increase  of  the  acid  numbers.  In  none  of  the  instances 
given  did  the  accumulation  of  acids  reach  a  limit,  although 
the  acid  numbers  reached  were  rather  high  (up  to  130).  The 
oxidation  products  did  not  darken  during  the  reaction,  but 
remained  quite  light.  The  only  difficulty  in  reaching  even 
higher  degrees  of  oxidation  was  the  considerable  foaming 
toward  the  end  of  the  experiments. 

The  results  obtained  with  gas  initiation  of  the  oxida¬ 
tion  of  Groznyi  paraffin  showed  convincingly  that  the  low 
limiting  acid  concentrations  (acid  numbers  from  40  to  7  0) 
obtained  in  the  oxidation  of  Koepsen  paraffin  are  due  not 
to  the  initiation  regime  but  to  the  nature  of  the  Koepsen 
paraffin  itself.  Since  fjaraffin  derived  from  brown  coal  may 
contain  aromatic  compounds,  which  might  have  an  adverse 
effect  on  the  oxidation  process,  an  attempt  was  made  to  se¬ 
parate  such  compounds  from  the  paraffin.  The  paraffin  was 
passed  through  an  externally-heated  column  filled  with  sil¬ 


ica  gel.  The  paraffin  so  treated  with  oxidized  at  135“  at  an  air  rate  of  5  liter/hour  per  15  g  of  charge.  The 
initiation  was  performed  for  15  minutes  with  7.5%  Cl^.  Under  these  conditions  the  worst  results  were  obtained  in 
the  oxidation  of  unpurified  paraffin.  As  is  clear  from  Fig.  8,  the  oxidation  kinetics  of  the  paraffin  changed  sharp 
ly  after  purification.  Whereas  the  kinetic  curve  for  the  oxidation  of  unpurified  paraffin  has  a  maximum  at  an 
acid  number  of  about  40,  the  corresponding  curve  for  the  oxidation  of  paraffin  purified  by  passage  through  silica 
gel  ascends  steeply  without  any  tendency  to  pass  through  a  maximum. 
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Fig.  8.  Comparison  of 
the  kinetics  of  acid  ac¬ 
cumulation  in  the  oxida¬ 
tion  of  purified  (1)  and 
unpurified  (2)  Koepsen 
paraffin;  temperature  135* 
initiation  with 
Clj  for  15  minutes; 

A)  acid  number.  B)  time 
(hours). 


The  infrared  spectrum  of  unpurified  Koepsen  paraffin 
was  studied  in  order  to  determine  the  nature  of  the  supposed 
contamination.  For  comparison,  the  spectra  of  purified 
Koepsen  paraffin  and  Groznyi  paraffin  were  obtained;  these 
are  also  shown  in  Fig.  9.  Comparison  of  the  spectra  shows 
that  Koepsen  paraffin  contains  admixtures  of  a  substance 
giving  fairly  intense  absorption  bands  at  1014,  989,  and  969 
cm"^.  These  substances  are  effectively  adsorbed  by  silica 
gel.  The  nature  of  the  contamination  was  not  studied  in 
greater  detail. 

DISCUSSION  OF  RESULTS 

The  results  of  these  experiments  indicate  first,  that 
addition  of  chlorine  to  air  during  a  brief  initial  reaction 
stage  has  a  strong  initiating  effect  on  the  oxidation  of  par¬ 
affin.  This  effect  primarily  consists  of  a  considerable  short¬ 
ening  of  the  induction  period  (without  initiation,  t>100 
hours).  The  length  of  the  induction  period  greatly  depends 
on  the  duration  of  the  initiation,  i.e.,  on  the  time  during 
which  chlorine  is  blown  through,  and  depends  little  on  the 
chlorine  concentration  in  the  air  at  a  given  temperature. 

With  regard  to  the  rate  of  the  oxidation  process,  the 
experimental  results  show  that  the  maximum  rate  of  acid 
accumulation  remains  the  same  with  variations  of  the  ini¬ 
tiation  time  and  chlorine  concentration,  and  depends  only 
on  the  temperature  and  the  air  rate. 

In  oxidation  of  Koepsen  paraffin  the  extent  of  the 
process,  i.e.,  the  limiting  acid  number,  depends  on  the 
amount  of  chlorine  supplied;  however,  the  acid  number  does 
not  exceed  70  under  any  initiation  conditions. 

The  results  obtained  with  the  use  of  higher  tempera¬ 
tures  during  initiation  and  the  early  stages  of  the  reaction, 
with  continuation  of  the  reaction  at  a  lower  temperature, 
show  that  the  maximum  rate  of  acid  accumulation  is  deter¬ 
mined  by  the  temperature  conditions  in  the  second  reaction 
stage.  The  maximum  acid  concentration  in  oxidized  paraf¬ 
fin  attained  under  a  variable-temperature  regime  is  deter¬ 
mined  by  the  initiation  conditions.  This  is  especially  true 
of  the  processes  initiated  at  145“,  with  the  subsequent 
reaction  performed  at  135“.  In  such  reactions  the  ulti¬ 
mate  acid  yields  decrease  with  the  use  of  large  amounts  of 
chlorine. 


Fig.  9.  Infrared  spectra  of  paraffins:  contents  reach  much  higher  values  in  the 

1)  unpurified  Koepsen  paraffin,  2)  oxidation  of  Groznyi  paraffin  than  in  the  oxidation  of  Koep- 

purified  Koepsen  paraffin,  3)  Groznyi  paraffin.  The  kinetic  curves  for  the  accumulation  of 

paraffin.  acids  in  Grozyni  paraffin  show  no  tendency  to  bend  or  pass 

through  maxima.  This  indicates  that  the  maxima  at  acid 
numbers  from  40  to  70  on  the  kinetic  curves  for  the  oxida¬ 
tion  of  Koepsen  paraffin  are  caused  by  the  chemical  composition  of  this  paraffin. 

Analysis  by  infrared  spectroscopy  shows  that  Koepsen  paraffin  differs  from  the  Groznyi  product  in  contain¬ 
ing  considerable  admixtures  of  a  substance  which  gives  intense  absorption  bands  at  1014,  989,  and  969  cm"^,  and 
which  is  readily  adsorbed  by  silica  gel. 
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It  is  known  that  unsaturated  and  aromatic  compounds  are  particularly  well  adsorbed  by  silica  gel.  How¬ 
ever,  as  the  iodine  number  of  Koepsen  paraffin  is  low  (5  by  the  Kaufmann  method),  it  may  be  concluded  that 
the  adsorbed  substance,  which  gives  these  absorption  bands  in  the  infrared  s|>ectrum.  is  a  substance  of  aromatic 
character. 

If  Koepsen  paraffin  is  oxidized  after  removal  of  the  aromatic  substances  by  passage  through  silica  gel,  the 
kinetics  of  acid  accumulation  changes  sharply,  the  acids  accumulate  more  rapidly,  and  the  kinetic  curves  no  longer 
show  any  tendency  to  pass  through  maxima.  This  experimental  effect  indicates  that  the  maxima  on  the  kinetic 
curves  for  acid  accumulation  in  the  oxidation  of  unpurified  Koepsen  paraffin  and  the  accompanying  resinifica- 
tion  of  the  oxidation  products  are  caused  by  the  presence  of  substances  of  an  aromatic  character.  Therefore  the 
yield  and  quality  of  fatty  acids  can  be  greatly  improved  by  preliminary  treatment  of  difficultly-oxidized  par¬ 
affins  by  silica  gel. 


SUMMARY 

1.  Gas  oxidation  by  chlorine  greatly  stimulates  the  oxidation  of  paraffin;  the  initiation  takes  place  during 
a  brief  period  at  the  beginning  of  the  process. 

2.  Kinetic  curves  showing  the  accumulation  of  acids  in  chlorine- initiated  paraffin  oxidation  were  plotted, 
and  it  was  found  that  the  low  maxima  on  the  kinetic  curves  and  the  resinification  of  the  oxidation  products  form¬ 
ed  from  Koepsen  paraffin  are  caused  by  the  presence  of  substances  of  an  aromatic  nature  in  this  paraffin. 

3.  Experiments  with  a  new  initiator  (chlorine)  and  a  new  raw  material  for  oxidation  (paraffin)  confirmed 
the  widespread  initiating  action  of  gaseous  initiators. 
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EFFECT  OF  ESTERS  OF  UNSATURATED  PHOSPHONIC  ACIDS  ON  THE 
ANTIOXIDANT  PROPERTIES  OF  MINERAL  OIL 


K.  K.  Papok,  K.  N.  Aiiisimov,  B.  S.  Kuseva,  and  N.  E.  Kolobova 
Institute  of  Heteroorganic  Compounds.  Academy  of  Sciences  USSR 


The  experience  of  a  number  of  years  has  demonstrated  the  possibility  of  wide  utilization  of  various  organo- 
phosphorus  compounds  for  improving  the  properties  of  lubricating  oils.  During  the  period  1912-1950  more  than 
500  patents  relating  to  the  use  of  organophosphorus  compounds  as  additives  have  been  issued  [1].  A  considerable 
number  of  investigations  on  the  use  of  esters  and  thioesters  of  phosphorous  and  phosphoric  acids  as  lubricant  addi¬ 
tives  has  been  published.  It  should  be  noted  that  among  the  organophosphorus  compounds  many  derivatives  of  the 
acids  of  phosphorus  have  been  discovered,  which  have  so  far  been  investigated  and  used  very  little  as  additives 
for  oils.  In  view  of  this  we  studied  a  series  of  new  compounds,  namely;  esters,  amides,  and  thioesters  of  unsatu¬ 
rated  phosphonic  and  thiophosphonic  acids. 

Compounds  of  the  following  types  were  synthesized  for  the  investigation: 

nocii  nocii -rcni'(»(Nii2)2.  iu)cn^ciii’()(.sn), 

iu;ii--.(’,in’()(()n).,,  ucii^ciii’()(nii.,)_..  ncn^cinM)(sii).^ 

ItOCII -(’,l!l’S{Sli),.  nocil  (’,III‘S(0!l).,  etc. 
where  it  •'  n..  f’.ii ..  <’„ii,.,  <:,ii,...  t’H.otui,  -  en,.  e,ii,()(’n,  -  cii,.  --  cm,,  cji^. 

In  the  present  communication  we  consider  the  effects  of  diesters  of  unsaturated  phosphonic  acids  on  the 
antioxidant  properties  of  MS-20  mineral  oil. 

The  diesters  of  unsaturated  phosphonic  acids  were  prepared  by  the  action  of  acid  dichlorides  of  unsaturated 
phosphonic  acids  on  the  corresponding  alcohols  in  presence  of  tertiary  amines  in  benzene  or  ligroine  [2].  The 
n-butyl  and  n-hexyl  esters  of  6 -ethoxyethoxyvinylphosphonic  acid  are  described  here  for  the  first  time. 

All  the  esters  are  colorless  liquids,  readily  soluble  in  organic  solvents  and  insoluble  in  water;  they  do  not 
decompose  on  prolonged  keeping.  Some  of  these  compounds,  such  as  the  n-butyl  and  n-hexyl  esters  of  0 -ethoxy¬ 
ethoxyvinylphosphonic  acid,  freeze  at  temperatures  such  as  “50  and  “70®  deg. 

The  antioxidant  properties  of  oils  containing  these  compounds  were  evaluated  from  their  stability  to  ther¬ 
mal  oxidation  (T)  (GOST  4953-49),  volatility  (E),  working  fraction  (WF),  and  lacquer  formation  (L)(GOST  5737-53). 
The  results  of  this  investigation  are  presented  in  four  tables,  which  give  the  physical  and  engine  properties  of  each 
compound. 

The  data  in  the  tables  are  presented  in  such  a  way  as  to  reveal  a  certain  connection  between  the  engine 
properties  of  the  oil  and  the  structure  of  the  compounds  used  as  additives.  The  right-hand  side  of  the  formula  of 
each  compound  contains  similar  ester  groups:  ethyl  in  Table  1,  allyl  in  Table  2,  butyl  in  Table  3,  and  hexyl  In 
Table  4,  while  the  left-hand  sides  contain  various  unsaturated  organic  radicals. 

Table  1  gives  data  on  diethyl  esters  of  6 -ethoxyvinylphosphonic.  6-butoxyvinylphosphonic.  0-hexyloxy- 
vinylphosphonic,  8 -ethoxyethoxylvinylphosphonic.  0-phenylvinylphosphonic,  and  indenylpliosphonic  acids. 


181 


Effect  of  Diethyl  Esters  of  Unsaturated  Phosphonic  Acids  on  the  Antioxidant  Properties  of  MS- 20  Oil 
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Effect  of  Diallyl  Esters  of  Unsaturated  Phosphonic  Acids  on  the  Antioxidant  Properties  of  MS“20  Oil 
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Effect  of  Dibutyl  Esters  of  Unsaturated  Phosphonic  Acids  on  the  Antioxidant  Properties  of  MS-20  Oil 


1H4 


3  -phenylvinylphosphonic 
acid 


Effect  of  Dihexyl  Esters  of  Unsaturated  Phosphonic  Acids  on  the  Antioxidant  Propenies  of  MS- 20  Oil 
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Introduction  of  2^  of  any  of  the  first  five  esters  of  unsaturated  phosphonic  acids  into  MS-20  oil  resulted 
in  a  small  decrease  of  the  amount  of  lacquer,  an  increase  of  the  working  fraction,  and  a  slight  increase  of  ther- 
mooxidative  stability  (from  1  to  8  minutes).  In  contrast  to  these  esters,  the  diethyl  ester  of  indenylphosphonic 
acid  decreased  the  lacquer  formation  in  the  oil  from  20  to  APh,  and  raised  the  thermooxidative  stability  by  36 
minutes. 

Among  the  allyl  esters  of  the  same  unsaturated  phosphonic  acids  there  were  some  compounds  more  effec¬ 
tive  than  diethyl  esters  (Table  2).  The  following  effects  were  observed.  The  thermooxidative  stability  increases 
and  lacquer  formation  diminishes  with  Increase  of  the  hydrocarbon  radical  length  (AP-44,  AP-54,  and  AP-14). 
Introduction  of  an  ethoxy  group  (“CHj^HjO")  into  the  diallyl  ester  of  8 -ethoxyvinylphosphonlc  acid  raised  the 
thermooxidative  stability  from  24  to  35  minutes,  but  had  no  effect  on  the  amount  of  lacquer  (AP-44,  AP-45). 

The  antioxidant  properties  are  improved  by  the  presence  of  phenyl  or  indenyl  groups  in  the  diallyl  esters.  The 
most  active  diallyl  esters,  greatly  diminishing  lacquer  formation  and  increasing  the  thermooxidative  stability, 
were  the  esters  of  6-phenoxyvinylphosphonlc,  6-phenylvlnylphosphonic,  and  indenylphosphinic  acids  (AP-15, 
AP-16,  and  AP-13),  which  Increased  the  thermooxidative  stability  to  54-75  minutes,  and  lowered  lacquer  forma¬ 
tion  to  l-2*^fc.  In  contrast  to  the  diallyl  esters,  the  thermooxidative  stability  and  lacquer  formation  of  the  dibutyl 
esters  do  not  change  with  increase  of  the  hydrocarbon  radical  (Table  3,  AP-46,  AP-47,  AP-48,  AP-49).  Similar¬ 
ly,  introduction  of  the  group  did  not  affect  the  antioxidant  properties  of  the  dibutyl  esters  (AP-46, 

AP-50).  All  the  investigated  compounds  of  this  class  increased  the  thermooxidative  stability  of  the  oil  by  only 

7- 12  minutes,  apart  from  the  dibutyl  and  diethoxyethyl  esters  of  phenylvinylphosphonic  acid  (AP-23,  AP-57), 
which  doubled  the  thermooxidative  stability  and  lowered  lacquer  formation  to  5*yo;  this  effect  is  caused  by  the 
introduction  of  the  phenyl  radical. 

Of  all  the  esters  studied,  the  dihexyl  esters  have  better  antioxidant  properties  than  the  diethyl,  diallyl,  and 
dlbutyl  esters  of  unsaturated  phosphonic  acids  (Table  4).  The  thermooxidative  properties  improve  with  increase 
of  hydrocarbon-radical  length  in  the  series  AP-55,  AP-56,  and  AP-1,  and  also  AP-60  and  AP-11.  The  most  ac¬ 
tive  compounds,  which  sharply  lower  lacquer  formation,  and  increase  the  working  fraction  and  the  thermooxida¬ 
tive  stability,  are  the  n-dihexyl  ester  of  8 -n-butoxyethoxyvinylphosphonic  acid  and  the  n-dlheptyl  ester  of 

8 - phenylvinylphosphonic  acid  (AP-H,  AP-6).  Comparison  of  the  diethyl  and  diallyl  esters  of  phenylvinylphos¬ 
phonic  and  indenylphosphonic  acids  shows  that  the  esters  of  indenylphosphonic  acid  (AP-53,  AP-12,  AP-16,  and 
AP-13)  are  the  most  effective  antioxidants. 

TABLE  5 

Effect  of  Chain  Length  of  the  Ester  Radical  on  the  Antioxidant  Properties 
of  the  Compounds 


Compounds 

Thermooxidative 
stability  by  the 
Papok  mefnod  at 
250  ’C  (min) 

MS- 20  oil  +  2%  of 

23 

n  -C4H„OCH=CHPO(OC?HO, 

24 

n  -C4H„OCH=cnPO(OC.,Il02 

32 

n  -C4Ho()Cn=CIIPO(OC4Ho-n  )2 

31 

n  -C,IL,()CH  -CIIPO(OC»Hi3  n  )., 

46 

C6H.;CH=:Chpo(oc.,h,)2 

31 

CellgCH -C1IP0(0C3H5)2 

54 

Cfin.iCH=CHPO(OC4nn-n  )2 

46 

CBl^CH--CHPO(OC,iIlnn  )2 

58 

CeIl5CII=CllPO(OC7lI,r,-n  )., 

75 

n  -CfiHiaOCII  ^CHPOfOG, 115)2 

24 

n  -CbI1,.,OCH=CHPO(OG, 115)2 

47 

n  -C„11,30CII=CIIPO(OC4Ho-  n )., 

29 

n  -C„Il,.,OCH=CIlPO(OCBHn  n  ).. 

56 

The  antioxidant  properties  of  a  number  of  these  compounds  depend  on  the  chain  length  of  the  ester  radical. 
For  example,  the  thermooxidative  stability  of  esters  of  8 -butoxyvinylphosphonic,  8 -phenylvinylphosphonic,  and 
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0  -hexyloxyvinylphosphonic  acids  increases  with  increasing  chain  length  of  the  ester  radical;  exceptions  are  the 
dibutyl  esters  of  0-alkoxy  (phenoxy)  vinylphosphonic  acids,  which  have  even  worse  antioxidant  properties  than 
the  diallyl  esters  (Table  5), 


SUMMARY 

1.  The  antioxidant  properties  of  esters  of  unsaturated  phosphonic  acids  increase:  a)  on  introduction  of  a 
phenyl  group  in  diethyl,  diallyl,  and  dihexyl  esters:  b)  in  presence  of  an  indenyl  group  in  diethyl  and  diallyl 
esters;  c)  with  increasing  length  of  the  hydrocarbon  chain  (from  Cj  to  C®)  in  diallyl  and  dihexyl  esters,  and  d) 
with  increase  in  the  length  of  the  ester  radical  (from  Q  to  Q)  to  esters  of  0-butoxyvinylphosphonic,  0-phenyl- 
vinylphosphonic,  and  0 -hexyloxyvinylphosphonic  acids. 

2.  Of  the  compounds  studied,  the  dihexyl  esters  of  unsaturated  phosphonic  acids  have  the  best  antioxidant 
properties. 
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FOAM  HYDROGENATION  OF  FATS 


S.  Yu.  Elovich,  G.  M.  Zhabrova,  P.  G.  Krivenkova, 
and  T.  D.  Senienovskaya 


Catalytic  hydrogenation  of  fats  is  a  complex  heterogeneous  reaction  of  great  applied  significance  and 
considerable  scientific  interest. 

The  reaction  is  usually  effected  with  the  aid  of  a  metallic  catalyst,  generally  pure  nickel  or  nickel  with 
metallic  additives,  finely  distributed  in  the  liquid  phase.  Hydrogen  is  introduced  into  this  medium,  and  adds  on 
at  different  rates  to  triglyceride  radicals  of  different  degrees  of  saturation.  As  is  known,  hydrogenation  of  fats 
can  be  represented  by  a  scheme  of  concurrent  and  consecutive  reactions.  The  process  is  accompanied  by  migra¬ 
tion  of  double  bonds,  leading  to  isomerization  of  the  corresponding  radicals.  In  this  paper  we  do  not  consider 
isomerization  processes,  but  concentrate  on  the  laws  governing  the  addition  of  hydrogen  to  double  bonds. 

It  is  known  [1]  that  a  consequence  of  the  complexity  and  heterogeneity  of  the  reactions  of  fat  hydrogena¬ 
tion  is  that  the  factors  which  determine  the  rate  at  which  the  molecules  are  transported  to  the  catalyst  also  de¬ 
termine  to  a  definite  extent  the  selectivity  of  the  hydrogenation  process.  Since  hydrogen  must  dissolve  in  the 
oil  and  then  diffuse  through  a  definite  layer  of  the  latter  in  its  approach  to  the  catalyst  particle,  in  practice  the 
process  is  most  often  controlled  by  diffusion,  atid  the  selectivity  of  the  hydrogenation  process  is  at  a  maximum 
in  this  region,  bitensified  supply  of  hydrogen  in  the  region  controlled  by  hydrogen  diffusion  raises  the  reaction 
rate,  but  does  not  affect  selectivity. 

When  agitation  becomes  sufficiently  intensive,  difficulties  arise  in  the  access  of  triglycerides  to  the  cata¬ 
lyst  particles,  and  the  selectivity  of  hydrogenation  then  diminishes  under  certain  conditions.  This  is  especially 
noticeable  in  hydrogenation  under  pressure.  These  effects  have  been  considered  in  detail  in  a  series  of  papers 
by  Elovich,  Zhabrova,  and  others,  published  during  the  last  20  years. 

Electron  microscope  investigations  of  industrial  nickel  catalysts,  carried  out  by  Elovich  and  Tret’yakov  [2], 
showed  that  the  diameters  of  the  catalyst  particles  are  in  the  1-10  p  range.  Evaluation  of  the  hydrodynamic 
agitation  conditions  when  hydrogen  is  bubbled  through  oil.  based  on  Levich's  work  [3],  led  to  the  following  re¬ 
lationship,  derived  by  the  above-named  authors: 


where 


(1) 


(2) 


In  these  equations  D  is  the  diffusion  coefficient  of  liydrogen  in  the  oil,  M  is  the  weight  of  catalyst  per  unit 
volume  of  oil,  6  is  the  diameter  of  the  catalyst  particles,  £  is  the  diameter  of  the  hydrogen  bubbles,  U  is  the 
maximum  liquid  velocity  in  turbulent  flow  over  the  catalyst.  L  is  the  reactor  diameter,  A  c  is  the  drop  of  tri- 
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Fig.  1.  Diagram  of  apparams: 

1)  reaction  vessel,  2)  electric  furnace,  3)  thermo¬ 
couple,  4)  flow  meter,  5)  hydrogen  cylinder. 


glyceride  concentration  at  the  catalyst  surface,  po  is 
the  density  of  the  gas,  p  is  the  density  of  the  liquid,  v 
is  the  kinematic  viscosity,  Q  is  the  gas  concentration 
in  a  bubble,  po  is  the  density  of  a  catalyst  particle,  kj- 
is  the  coefficient  of  liquid  resistance  to  the  motion  of 
a  catalyst  particle,  0  is  a  factor  which  takes  into  ac¬ 
count  the  shape  of  the  catalyst  particles,  Pr  is  the  Prandtl 
number,  and  V  is  the  volume  of  hydrogen  per  1  cc  of 
oil  per  second. 

It  follows  from  the  above  equation  that  at  con- 
6 

stant  U  and  L  the  ratio  J  is  of  primary  practical  signifi¬ 
cance  for  increasing  the  diffusion  flow  of  glycerides. 

The  smaller  the  ratio  of  the  gas  bubble  diameter  to  the 
catalyst  particle  diameter,  the  greater  is  the  diffusion 
flow.  Since  the  particle  size  of  the  catalyst,  as  already 
mentioned,  is  small,  this  condition  poses  extremely  dif¬ 
ficult  technical  problems;  therefore  the  use  of  other  ef¬ 
fective  agitation  methods  is  of  considerable  interest. 


We  used  the  method  of  foam  hydrogenation  [1,4], 
which  gives  quite  good  results.  Methods  of  foam  agitation  have  recently  been  developed  by  a  number  of  workers. 
Extensive  data  on  this  subject  are  presented  in  the  book  by  Pozin,  Mukhlenov,  Tumarkina,  and  Tarat  [5].  We 
used  pwDrous  partitions  in  Schott  filters  of  different  numbers  for  foam  formation.  As  is  known,  in  No.  2  Schott  fil¬ 
ters  the  pore  diameter  is  <  40  —  50  p,  and  in  No.  3  filters  it  is  <  20  —  30  p  [6], 


Fig.  2.  Electron  micrographs  of  nickel  formate  catalyst,  under  magnifica¬ 
tion  of  7000: 

a)  before  hydrogenation,  b)  after  hydrogenation,  c)  catalyst  particles  with 
a  distinct  crystalline  structure. 


The  experiments  were  performed  as  follows.  The  reaction  vessel  consisted  of  a  tube  of  molybdenum  glass 
with  a  Schott  filter  sealed  in  its  lower  end.  A  stream  of  hydrogen  was  passed  through  the  Schott  filter  from  below 
(Fig.  1).  50  —  100  g  of  oil  was  put  into  the  reaction  vessel  and  heated  to  the  required  temperature  with  a  conti¬ 
nuous  flow  of  hydrogen  (Fig.  1).  The  required  quantity  of  catalyst  (nickel  in  hydrogenated  oil)  was  then  added  to 
the  heated  oil,  and  the  temperature  was  raised  to  the  required  level  in  2-3  minutes.  The  temperature  was  main¬ 
tained  constant  to  within  ±2"  by  the  regulation  of  the  furnace  voltage.  Samples  were  taken  during  hydrogenation 
by  means  of  a  glass  pipet,  the  times  being  noted  with  the  aid  of  a  seconds  clock.  Nickel  was  removed  from  the 
samples,  and  their  iodine  numbers  were  determined.  Hydrogen  numbers  were  also  determined  in  some  cases.  The 
thiocyanate  numbers  were  determined  in  one  experiment.  Cottonseed  and  sunflower  oils  were  hydrogenated.  The 
catalyst  was  nickel,  made  by  decomposition  of  nickel  formate  in  cottonseed  oil.  The  decomposition  was  per¬ 
formed  in  a  glass  test  tube  at  240“,  in  a  stream  of  hydrogen  passed  at  12—  13  liters/minuie.  The  oil  was  previously 
heated  to  200“  in  a  current  of  hydrogen,  and  the  nickel  formate  was  then  added.  The  temperature  was 
then  raised  to  240“.  The  decomposition  was  continued  for  1  hour,  after  which  the  thick  black  mass  was  poured 
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Fig.  3.  Particle-size  distribution  of 
catalysts: 

A)  number  of  particles  (%),  B)  particle 
size  (fj);  catalyst:  1)  before  reaction. 
2)  after  reaction. 


out  into  a  porcelain  basin,  where  it  was  stirred  and  allowed  to  solid¬ 
ify.  The  product  was  ground  in  a  mortar  and  analyzed  for  nickel. 
The  nickel  content  of  our  catalyst  sample  was  5.82%. 

The  electron  microscopy  was  performed  by  I.  I.  Tret'yankov 
and  I.  A.  Bespalova,  to  whom  we  offer  our  thanks.  The  specimens 
for  electron  microscopy  were  prepared  as  follows  [2]. 

The  hydrogenated  oil  samples  were  warmed  and  stirred  thor¬ 
oughly.  1  ml  samples  were  withdrawn  with  a  pipet  and  mixed  with 
10  ml  of  dichloroethane. 

The  solid  phase  was  centrifuged  off  and  shaken  with  a  fresh 
portion  of  dichloroethane.  This  washing  was  repeated  3  times,  after 
which  the  catalyst  was  shaken  first  with  1  ml  of  amyl  acetate,  and 
then  with  1  ml  of  a  solution  of  collodion  in  amyl  acetate.  A  drop 
of  this  suspension  was  spread  on  the  surface  of  distilled  water  in  a 
crystallizing  dish.  After  evaporation  of  the  amyl  acetate  a  very 
thin  collodion  film  containing  embedded  catalyst  particles  remain¬ 
ed  on  the  water  surface.  Pieces  of  this  film  were  caught  on  gauze 
circles,  dried  and  examined  under  the  electron  microscope. 


Electron  micrographs  of  the  catalyst  under  magnification  of  7000  are  given  in  Table  2.  There  is  little 
difference  between  the  catalyst  before  (Fig.  2, a)  and  after  (Fig.2,b)  the  reaction.  It  is  clear  that  a  single  hydro¬ 
genation,  lasting  2-3  hours,  results  in  a  relatively  small  increase  of  particle  size  in  the  micron  range.  Fig.  2,c 
shows  well-defined  crystalline  nickel  particles  free  from  pores.  Such  particles  can  be  formed  only  by  growth  of 
smaller  crystals.  The  particle-size  distribution  was  calculated.  The  particle-size  distribution  curves  for  the 
catalyst  before  and  after  use  are  given  in  Fig.  3.  It  seems  that  the  distribution  changes  little.  The  commonest 
particle  size  is  in  the  ~0.1  p  region.  Works  catalysts  are  approximately  10  times  as  coarse  [2]. 
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Fig.  4,  Kinetic  curves  for  the  hydrogenation  of  cottonseed  oils  amount  of  oil  50  g, 
nickel  content  0.175%,  hydrogen  rate  1.15  liters/minute: 

A)  log  iodine  number  (1),  B)  iodine  number  (2),  C)  time  (minutes);  hydrogen  supplied 
through:  a)  orifice  1  mm  in  diameter;  b)  No.  2  Schott,  c)  No.  3  Schott  (100  g  of  oil), 
d)  No.  3  Schott  (50  g  of  oil). 

The  principal  experimental  results  are  given  in  Table  1. 

The  cottonseed  oil  used  contained  47.8%  linoleic  radicals,  29.5%  oleic  radicals,  and  22.7%  saturated 
radicals. 

The  volume  of  the  foam  increased  when  hydrogen  was  passed.  At  a  relatively  low  rate  (1.15  liters/minute) 
of  hydrogen  passed  through  the  oil  the  volume  of  the  foamed  oil  during  the  reaction  increased  1.5  to  2  fold  in 
comparison  to  the  initial  volume  of  the  oil.  When  the  hydrogen  rate  was  increased  to  2.4  liters/minute,  the 
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TABLK  I 

Results  of  Experiments  With  Cottonseed  Oil  Hydrogen  Rate  1.15  Liters/Minute 


Expt. 

No. 

Hydrogen 
supply  conditions 

Increase  of 
oil  volume 

In  foam 

Nickel  con¬ 
tent  in  oil 

Amount 
of  oil  (g) 

Temper- 

aturc(*C) 

Duration 
of  experi¬ 
ment  (min) 

Ill 

One  orifice  of  1  mm 

0.175 

50 

218 

85 

IV 

Schott  No.  2 

210 

0.175 

50 

198 

55 

VI 

Schott  No.  3 

140 

0.175 

100 

219 

90 

VIII 

Schott  No.  3 

180 

0.175 

50 

217 

65 

X 

Schott  No,  3 

180 

0.035 

50 

213 

170 

TABLE  2 

Composition  of  Samples  in  Hydrogenation  of  Cottonseed  Oil  (Experiment  X) 


Sample 

No. 

Time  from 
start  of  re¬ 
action  (min) 

Iodine 

number 

Thiocyanate 

number 

Composition  of  sample  (‘^) 

linoleic 

radicals 

oleic 

radicals 

saturated 

radicals 

Original 

0 

108.2 

66.8 

47.8 

29.5 

22.7 

5 

20 

102.6 

65.4 

43.0 

32.8 

24.2 

6 

25 

102.1 

67.2 

40.8 

33.9 

25.3 

8 

40 

98.8 

67.6 

36.0 

42.3 

21.7 

11 

75 

91.8 

65.3 

30.6 

45.2 

24.2 

13 

100 

88.5 

65.7 

26.4 

49.9 

23.7 

15 

120 

86.0 

66.0 

23.1 

53.5 

23.4 

18 

170 

79.0 

65.2 

15.9 

59.8 

24.3 

volume  of  the  foam  was  bOQf^o  of  the  initial  volume.  It  was  then  difficult  to  regulate  the  reaction  conditions,  so 
that  all  the  experiments  were  performed  at  the  lower  hydrogen  rate. 

Kinetic  data  for  cottonseed  oil  are  plotted  in  ordinary  and  logarithmic  coordinates  in  Figs.  4  and  5.  It  is 
seen  that  the  iodine  values  fall  very  rapidly  during  foam  hydrogenation.  After  5-10  minutes  nearly  all  the  lino- 
leic  glycerides  are  reduced  to  oleic.  An  experiment  (Fig.  5)  was  performed  with  a  small  amount  of  catalyst,  so 
that  it  was  possible  to  follow  the  course  of  conversion  of  linoleic  radicals  during  hydrogenation.  The  amount  of 
catalyst  was  diminished  5-fold,  and  was  0.035*70,  The  experiment  lasted  170  minutes,  and  the  iodine  number  fell 
from  108.2  to  83.  The  thiocyanate  numbers  of  several  samples  were  determined.  Table  2  contains  the  analytical 
data  and  the  calculated  contents  of  oleic,  linoleic,  and  saturated  radicals.  The  results  show  that  the  oleic  radi¬ 
cals  did  not  undergo  any  appreciable  saturation  during  the  experiment. 

The  data  for  Experiment  X  can  be  used  to  calculate  the  selectivity  coefficient  of  the  hydrogenation  reac¬ 
tion.  We  showed  earlier  [7]  that  the  oleic  acid  content  in  relation  to  the  content  of  linoleic  radicals  during  hy¬ 
drogenation  can  be  represented  by  the  equation; 


[01] 


(Ofq  -f-  Xq  [L]* 


L 


(3) 
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Since  we  have  only  the  initial  part  of  the  curve  (up  to  the  oleic  acid  maximum)  in  our  experiment,  we 
use  the  fact  that  at  the  start  of  the  experiment 


Here  fOl]  and  [L]  are  the  molar  concentrations  of  oleic  and  linoleic  radicals  at  a  given  Instant;  OIq  and 
are  their  initial  concentrations;  Jk  is  the  selectivity  coefficient  which  is  roughly  the  ratio  of  the  hydrogenation 
rates  of  oleic  and  linoleic  radicals. 

The  data  of  Table  2  are  presented  graphically  in  Fig.  6.  The  initial  slope  of  the  curve  (at  the  point  O)  is 
dCL] 

Hence  the  selectivity  coefficient  is  0.04. 

Therefore  we  are  dealing  with  a  fairly  selective  process.  It  is  possible  that  the  value  is  even  lower,  as 
determination  of  the  selectivity  coefficient  from  the  initial  slope  cannot  be  very  accurate. 

Thus,  examination  of  the  data  for  Sample  No.  6  (Table  2)  leads  to  the  conclusion  that  at  first  only  linoleic 
acid  is  hydrpgenated.  The  form  of  the  curves  indicates  that  in  other  instances  of  foam  hydrogenation  we  have  a 
similar  process.  From  this  we  may  conclude  that  in  our  experiments  two  periods  may  be  distinguished  in  the 
course  of  the  reaction.  In  the  initial  period,  for  5-10  minutes,  virtually  the  linoleic  radicals  alone  are  hydro¬ 
genated;  during  the  second  and  final  period  only  the  oleic  radicals  are  saturated. 

Fig.  5  (Curve  1)  indicates  that  the  reaction  order  in  the  first  period  is  close  to  unity.  The  final  period  also 
conforms  to  the  first  order.  This  follows  from  Fig.  4,c,  as  the  slope  of  the  end  of  the  logarithmic  plot  remains 
almost  unchanged. 

Therefore  the  rate  constants  for  the  hydrogenation  of  cottonseed  oil  components  can  be  calculated  from 
the  initial  and  final  regions  of  all  the  kinetic  curves  shown  in  the  diagrams  (Table  3). 
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Fig.  5.  Kinetic  curve  for  hydrogenation  of 
cottonseed  oil  with  0.035%  catalyst;  amount 
of  oil  50  g,  hydrogen  rate  1.15  liters/minute 
(Experiment  X): 

A)  log  iodine  number  (1).  B)  iodine  number 
(2),  C)  time  (minutes). 


Fig.  6.  Selectivity  curve  for  hydro¬ 
genation  of  cottonseed  oil  (Experi¬ 
ment  X);  Point  O  represents  the 
original  oil  composition: 

A)  linoleic  acid  content  (%),  B)  oleic 
acid  content  (%). 


The  data  in  Table  3  show  that  the  selectivity  is  high  in  foam  hydrogenation.  The  selectivity  differences 
between  individual  experiments  are  not  large.  In  any  event,  our  calculation  method  cannot  be  very  accurate. 
Evidently  we  are  concerned  here  with  the  maximum  possible  selectivity.  In  experiments  in  which  the  nickel  con¬ 
tent  was  0.175%  the  absolute  hydrogenation  rates  of  linoleic  and  oleic  radicals  differ  somewhat. 
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TA  BLE  3 


Rate  Constants  for  Hydrogenation  of  Oleic  and  Linoleic  Radicals  in  Cottonseed  Oil 


Expt. 

No. 

Hydrogen 
stipply  conditions 

Amount  of 

kL 

kOl 

kOl 

oil  (g) 

catalyst  (°lo) 

kL 

Ill 

Narrow  orifice 

50 

0.175 

0.0535 

0,0038 

0.071 

IV 

Schott  No.  2 

50 

0.175 

0.113 

0.0062 

0.0541 

VI 

Schott  No.  3 

100 

0.175 

0.27 

0.0085 

0.035 

VIII 

Schott  No.  3 

50 

0.175 

0.113 

0.0062 

0.055 

X 

Schott  No.  3 

50 

0.035 

0.045 

0.0018 

0.04 

The  constants  are  lower  for  Experiment  111  than  for  the  other  experiments.  Di  this  experiment  hydrogen 
was  bubbled  through  a  single  orifice  (d~l  mm).  Evidently  the  mixing  of  the  different  phases  of  the  system  was 
least  effective  in  this  case.  Comparison  of  Experiments  IV  and  Vlli,  in  which  Schott  filters  of  different  porosi¬ 
ties  were  used  but  all  the  other  conditions  were  the  same,  shows  that  doubling  of  the  porosity  has  no  effect.  The 
explanation  is  that  because  of  the  very  efficient  agitation  in  the  foam  the  reaction  took  place  in  the  kinetic 
region  for  all  the  components. 

As  there  were  some  variations  of  the  experimental  temperatures,  there  should  be  some  variability  in  the 
results.  However,  since  the  experimental  temperatures  lie  in  the  region  where  the  rate  of  the  hydrogenation  re¬ 
action  depends  little  on  the  temperature,  our  conclusions  are  justified.  It  is  known  that  the  temperature  coeffi¬ 
cient  undergoes  inversion  [Rj  in  the  hydrogenation  of  organic  compounds.  In  the  case  of  fats  this  occurs  at  200- 
220*. 


For  comparison,  we  may  consider  data  on  the  hydrogenation  of  sunflower  oil  with  the  aid  of  a  wide  tube 
(d~6  ntm)  for  the  hydrogen  supply.  The  hydrogenation  curve  is  given  in  the  monograph  by  Elovich  and  Zhabrova 
[1]. 

In  this  case  the  selectivity  coefficient  is  unity  according  to  our  calculations,  i.e.,  the  reaction  proceeds 
nonselectively. 

Thus,  by  means  of  the  foam  regime  it  is  easily  possible  to  coiuluct  hydrogenation  very  selectively;  the  re¬ 
action  evidently  takes  place  in  the  kinetic  region.  It  is  very  important  to  establish  the  relationship  between  the 
hydrodynamics  of  the  foam  regime  and  the  selectivity  of  the  hydrogenation  process.  This  problem  is  not  con¬ 
sidered  in  the  present  investigation. 


SUMMARY 

1.  If  cottonseed  oil  is  hydrogenated  in  the  foam  formed  by  the  passage  of  hydrogen  through  a  Schott  filter, 
the  reaction  proceeds  very  selectively.  The  ratio  of  the  hydrogenation  rates  of  oleic  and  linoleic  radicals  is 
0.01  -  0.04. 

2.  Analysis  of  the  experimental  data  indicates  that  the  process,  carried  out  under  foam  conditions,  took 
place  in  the  kinetic  region  with  respect  to  all  the  components  of  the  heterogeneous  reaction  of  catalytic  hydro¬ 
genation. 

3.  Examination  of  the  nickel  catalyst,  made  from  nickel  formate,  under  the  electron  microscope  indicates 
that  the  predominant  particle  size  is  O.l  —  0.2  /i. 
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CHEMICAL  CONVERSIONS  OF  MERCURY  SALTS  AND  THEIR  ROLE  IN  THE 
HYDROFLUORINATION  OF  V  IN  YL  A  CE  T  Y  LEN  E  * 

I.  M,  Dolgopol  *skl  i ,  I.  M.  Dobromil’skaya ,  and  B.  A,  Byzov 


As  the  result  of  researches  carried  out  in  our  laboratory  in  recent  years  [1],  a  method  has  been  developed 
for  synthesis  of  fluoroprene,  based  on  the  reaction  of  vinylacetylene  with  hydrogen  fluoride,  with  a  catalyst  con¬ 
sisting  of  a  suspension  of  mercuric  oxide  in  vaseline  oil.  The  influence  of  various  factors  on  the  hydroflu orina- 
tion  of  vinylacetylene  was  studied,  and  a  technological  scheme  for  continuous  synthesis  of  fluoroprene wai  worked 
out. 

The  reaction  proceeds  as  follows: 

ClI,  -CH— (:=CH-f  HF-^.CH,=CH— r,F=-CHj. 

The  hydrofluorlnation  process  was  shown  to  be  completely  reproducible,  and  it  was  found  that  the  fluoro¬ 
prene  yield,  calculated  on  the  converted  vinylacetylene,  is  85-86*5^)  at  an  average  output  rate  of  65-70  g  of 
fluoroprene  per  1  kg  of  catalyst  mixture  (10%  mercuric  oxide)  per  hour.  The  main  reaction  of  fluoroprene  for¬ 
mation  is  accompanied  by  side  reactions,  which  give  rise  to  difluoro-3,  3-butene- 1  (CH*  =  CH-'CF  =CHj5  +  HF-*- 
CH|  =  CH*- CFi— CH^),  methyl  vinyl  ketone  (CHi  =  CH“  C  =  CH  +  HjO-*-CHj»CH“  CO— CHs),  and  resins  which  con 
tain,  together  with  fluorinated  polymers  (up  to  40%  of  presumed  fluoroprene  polymer),  polymers  of  copolymers 
of  unsaturated  compounds  (such  as  vinylacetylene,  methyl  vinyl  ketone,  etc.).  The  principal  cause  of  the  fall 
in  catalyst  activity  during  the  process  is  apparently  reduction  of  mercury  salts  to  metallic  mercury,  which  is 
always  present  to  some  extent  in  the  catalyst  mixtures. 

EXPERIMENTAL 

Investigation  of  the  Comp osition  of  Catalyst  Mixture  and  its  ChangesDuring 
Hydrofluorlnation  of  Vinylacetylene 

The  catalyst  mixture  is  a  suspension  of  resinlike  polymers  in  vaseline  oil.  with  mercury  and  its  salts  (HgF| 
and  HgjFj)  distributed  in  them. 

The  method  used  for  separate  determinations  of  mercury  and  its  salts  was  based  on  precipitation  of  mer¬ 
curous  ions  from  the  catalyst  mixture  (after  separation  of  vaseline  oil)  by  hydrochloric  acid.  The  mercuric  salt 
is  converted  into  water-soluble  HgCl2,  while  the  mercurous  salt  remains  in  the  precipitate  as  HgjClj.  The  total 
mercury  content  of  the  catalyst  mixture  is  determined  in  a  separate  sample  by  oxidation  of  a  weighed  sample 
of  the  dry  residue  with  nitric  acid  on  heating,  with  subsequent  determination  of  the  mercuric  nitrate  formed. 

The  metallic  mercury  content  was  found  by  difference. 

Samples  of  the  catalyst  mixture  were  taken  at  definite  intervals  during  continuous  operation,  in  order  to 
study  the  variations  in  the  composition. 

Experimental  conditions.  Initial  mercuric  oxide  content  of  vaseline  oil  10%,  reaction  temperature  60*, 
stirring  rate  900  revolutions/minute,  molar  ratio  of  hydrogen  fluoride  to  vinylacetylene,  1 : 1. 
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Variation  of  the  Catalyst  Mixture  Composition  with  Time 
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Fig.  1.  Conversion  of  vinylacety- 
lene  and  composition  of  catalyst 
mixture  during  the  process: 

A)  contents  of  Hg  (I),  Hg*  (IV), 
and  Hg”  (V)  in  the  catalyst  (*7o); 

B)  conversion  of  C4H4  (HI)  and  re¬ 
sin  content  of  suspension  (%)  (II). 

C)  duration  of  catalyst  operation 
(hours). 


Fig.  2.  Conversion  of  vinylacety- 
lene  and  composition  of  catalyst 
mixture  during  the  process  (Table 
2): 

A)  contents  of  Hg  (111),  Hg*  (IV). 
and  Hg**  (V)  in  the  catalyst  (%): 

B)  conversion  of  C4H4  (I)  and  resin 
content  of  suspension  {°]o)  (II), 

C)  duration  of  catalyst  operation 
(hours). 


It  follows  from  the  results  (Table  1  and  Fig,  1)  that  after  2  hours 
of  operation  the  catalytic  mixture  already  contains  mainly  metallic 
mercury  and  mercurous  salts.  The  content  of  the  latter  is  and 

drops  gradually  in  continuous  operation  (100  hours)  to  0.4*70. 

The  content  of  mercuric  salts  is  within  the  range  of  0.1  —  0.2®/o. 

The  total  content  of  mercury  salts  gradually  diminishes  owing  to 
reduction  to  metallic  mercury.  The  catalyst  activity  gradually  falls  at 
the  same  time.  The  conversion  of  vinylacetylene  falls  from  60  to  Yl°lo, 

Since  the  catalyst  mixture  contains  mainly  mercurous  salts  during 
operation,  the  possibility  of  using  mercurous  fluoride  (HgjFj)  in  hydro- 
fluorination  of  vinylacetylene  was  investigated.  The  comparative  re¬ 
sults  are  presented  in  Table  3. 

It  follows  from  the  results  (Table  3)  that  hydrofluorination  of 
vinylacetylene  proceeds  with  mercurous  salts  in  the  same  was  as  with 
mercuric  salts.  In  either  case  the  mercury  salts  evidently  undergo  dis¬ 
proportionation  with  formation  of  an  active  catalyst  mixture  containing 
mercurous  and  mercuric  salts  and  metallic  mercury. 

Therefore  the  activity  of  the  catalyst  mixture  and  its  service  life 
are  evidently  determined  by  constancy  of  the  mercuric  or  mercurous  fluo¬ 
ride  content  in  the  suspension.  On  this  assumption,  the  service  life  of 
the  catalyst  mixture  in  continuous  operation  was  increased,  with  its  acti¬ 
vity  remaining  roughly  constant,  by  periodic  additions,  during  the  pro¬ 
cess,  of  a  freshly- prepared  suspension  of  mercuric  oxide  in  vaseline  oil 
to  the  catalyst  mixture,  with  simultaneous  removal  of  an  equal  amount 
of  spent  mixture.  The  initial  content  of  mercuric  oxide  in  the  vaseline 
oil  was  10%.  and  2%  of  mercuric  oxide  was  added  every  24  hours  into 
the  reactor,  in  the  form  of  10%  suspension  in  vaseline  oil. 

The  average  conversion  of  vinylacetylene  then  remained  in  the 
45-50%  range  during  prolonged  operation  (250-400  hours).  The  varia¬ 
tions  of  the  catalyst  composition  under  these  conditions  are  given  in 
Table  2  and  Fig.  2. 

It  follows  from  these  results  (Table  2)  that  the  contents  of  mercu¬ 
rous  and  mercuric  salts  remain  almost  constant,  and  are  about  1%  of 
mercurous  and  0.2%  of  mercuric  salts.  The  catalyst  mixture  retains  con¬ 
stant  activity  with  these  salt  contents. 


Mechanism  of  the  Reaction  of  Vinylacetylene  Hydro- 


In  view  of  the  fact  that  a  complex  mixture  of  mercury  salts  is  in¬ 
volved  in  the  hydrofluorination  of  vinylacetylene,  in  addition  to  hydro¬ 
gen  fluoride,  it  was  desired  to  investigate  the  influence  of  each  reaction 
component  individually. 


of  mercury  salts.  It  was  found  that  in  these  conditions  HF  does  not  add 
on  to  vinylacetylene,  and  resin  formation  occurs,  probably  as  the  result 
of  vinylacetylene  polymerization  under  the  influence  of  hydrogen  fluo¬ 
ride.  At  the  same  time,  fluoroprene  reacts  smoothly  with  HF  in  an  addi¬ 
tion  reaction  which  yields  3, 3-difluorobutene-l. 

b)  Reaction  of  mercuric  fluoride  with  vinylacetylene  in  absence 
of  HF.  It  was  found  that  much  heat  is  evolved  in  this  reaction,  with 
liberation  of  hydrogen  fluoride  and  metallic  mercury,  and  formation  of 
considerable  amounts  of  resins. 


197 


TABLE  3 


Comparative  Data  on  Hydrofluorination  of  Vinylacetylene  with  Mercurous  and  Mercuric  Salts 


Catalyst  used 

HgFj 

HgjF, 

HgF, 

HgjF, 

HgF, 

HgiF, 

Amount  of  catalyst  (g)  per  100  g  of 
suspension 

7.5 

7.5 

12.5 

12.5 

25.0 

25.0 

Duration  of  experiment  (hours) 

11.8 

12.0 

11.0 

11.4 

11.25 

6.5 

Fluoroprene  yield  1  vinylacetylene 
Clo)  calculated  J  passed 

21.0 

22.8 

33.9 

35.6 

46.9 

45.7 

on  \ 

J  vinylacetylene 

1  converted 

63.3 

65.0 

64.1 

65.9 

64.5 

66.3 

The  formation  of  hydrogen  fluoride  in  this  case  can  only  be  due  to  removal  of  hydrogen  from  the  vinyl- 
acetylene  molecule  with  formation  of  divinyldiacetylene: 

HgF2+2CH=C-Cll=^CH2-»(Uio-(:H  -C:=C  -C=C-CH=CHj+Hg+2HK. 

The  divinyldiacetylene  is  readily  polymerized  under  the  influence  of  the  liberated  hydrogen  fluoride, 
forming  resinous  products. 

The  possibility  of  such  reactions  is  confirmed  by  the  work  of  Zal'kind  et  al.  [2]  and  of  Klebanskii  and 
Kuznetsova  [3], 

These  authors  showed  that  when  a  mixture  of  cupric  and  cuprous  chlorides  reacts  with  acetylenic  hydro¬ 
carbons,  diacetylene  compounds  are  formed  with  reduction  of  cupric  chloride  to  cuprous. 

Klebanskii  and  Kuznetsova  showed  that  the  reaction  proceeds  by  the  following  mechanism: 


CM  I  CuClo  *• 


4“ 


—  .-j — I — 

C.H...  ...CuCI. 


Cl 


(1) 


Coordination  bonds  are  formed  between  the  negatively  polarized  carbon  atom  of  the  acetylenic  compound 
and  the  positively  charged  copper  cation.  This  coordination  of  the  acetylene  molecule  is  due  to  the  presence  of 
four  mobile  tr  -electrons  in  the  acetylenic  compound. 


-  -f-i — 

ltC=(',H - CuCl  > 


•f 

HCl  +CuCl  I  HC=C-. 


Cl 


HfeC  -fC-=CR  -►  RC=C— C=Cll. 


(2) 

(3) 


By  analogy,  the  reaction  of  HgF2  with  vinylacetylene  may  be  represented  as  follows: 


CH2=CH^C  =  CH  +  HgF 
F 

CH3=CH-C  =  C!H\  HgF  - 


—  CH2=CH-C  =  CH  •  Hq'= 
F 

HF  +  HgF  +  CH2=CH-C  =  C' 


(4) 

(5) 


2CII  ,  Cll-C-C-  CHa^CH— G=C— C=G— GH=CH2. 


(6) 
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TABLE  4 


Effect  of  Moisture  on  the  Hydrofluorination  of  Vinylacetylene 


Amount  of  water  added  (’’Jo  of  catalyst 
mixture) 

1.0 

5.0 

10.0 

Conversion  of  vinylacetylene  into 
fluoroprene  (%) 

34.6 

17.7 

9.9 

3.9 

Amount  of  resins  formed,  calculated 
on  fluoroprene  (°Jo) 

28.8 

55.4 

70.5 

85.8 

Thus,  in  the  first  stage  a  complex  of  vinylacetylene  with  HgFj  is  formed.  A  coordination  bond  is  formed 
between  the  electronegatively  polarized  carbon  atom  in  vinylacetylene  and  the  positively  charged  Hg  atom. 

In  this  complex  the  bond  between  carbon  and  hydrogen  is  weakened,  and  the  latter  interacts  with  a  fluo¬ 
rine  atom  with  liberation  of  HF.  Hg^^  gives  up  an  electron  to  pass  into  and  the  free  radical  CH2  =  CH*- 

“  C=C  •  is  formed.  The  free  radicals  recombine  to  form  divinylacetylene  which,  like  most  unsaturated  compounds, 
readily  polymerized  under  the  influence  of  HF  to  form  resins. 

c)  Reaction  between  vinylacetylene  and  mercury  salts  in  presence  of  HF.  As  has  been  shown,  fluoroprene 
is  formed  predominantly  under  these  conditions. 

It  may  be  assumed  that,  by  analogy  with  other  mercury  and  also  copper  halides,  mercuric  or  mercurous  fluo¬ 
ride  forms  with  HF  complexes  of  the  type 

M(IIi?F:,7,  IMIIcf7)  or  MiHgFaT.  H^HgFai  etc. 

These  complex  compounds  form  coordination  bonds  with  polar  vinylacetylene  molecules  according  to  the 
scheme: 


(CM^-CH-Ch  CM)  •  H(HgF2)  . 

The  complex  so  formed  decomposes  under  the  influence  of  HF,  with  formation  of  fluoroprene  and  regenera¬ 
tion  of  the  original  complex 

CH  H 

CH2  =  CM-c7  — ►CH2  =  CH-CF  =  CH2  +  HlHgFj)  . 

We  postulated  a  similar  mechanism  for  the  addition  of  HCl  to  vinylacetylene  in  presence  of  CuCl,  with 
formation  of  chloroprene. 

The  subsequent  addition  of  hydrogen  fluoride  to  fluoroprene  takes  place  even  in  absence  of  mercury  salts, 
in  the  1  —  2  position  with  formation  of  3,3-difluorobutene-l. 

(:H2-=(’n-CF=CH2  I  HF  CH2=CH-CF2-CH3 

The  direction  of  HF  addition  to  fluoroprene  in  the  1  —  2  position  differs  in  principle  from  the  direction  of 
HCl  addition  to  chloroprene,  which  always  takes  place  in  the  1  —  4  position.  This  type  of  HCl  addition  is  deter¬ 
mined  by  the  polarity  distribution  in  the  chloroprene  molecule,  in  which 

t 

CH  =  Ch2 
3  « 


CH.;  =  :r  - 
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TABLE  5 


Composition  of  Resins  Formed  in  the  Catalyst  Mixture 


Amount  of  resin, 
calculated  on  con¬ 
verted  vinylacety¬ 
lene  C^) 

1 - 

Contents  of 

organically 
bound  fluorine 
in  resin  (^) 

•polyfluoroprene" 

vinylacetylene 
polymers  (%) 

11.7 

11.8 

45.2 

54.8 

7.5 

9.8 

39.3 

60.7 

14.0 

11.0 

41.8 

58.2 

16.3 

12.1 

46.0 

54.0 

8.3 

9.5 

39.1 

60.9 

8.2 

9.6 

40.2 

59.8 

TABLE  6 

Composition  of  Resins  Formed  in  Gas  Outlet  Tubes 


Amount  of  resin  (%) 
calculated  on  sub¬ 
stance  converted 

Contents  of 

HF  (1o) 

organically 
bound  fluo¬ 
rine  in  resin 

(‘7o) 

"polyfluo¬ 

roprene" 

vinylacety¬ 
lene  poly¬ 
mers  (1o) 

4.8 

3.6 

21.3 

78.2 

18.2 

2.7 

7.2 

18.4 

62.1 

30.7 

2.4 

3.0 

17.0 

62.7 

34.3 

3.2 

3.0 

16.6 

61.2 

35.8 

2.1 

4.5 

16.0 

59.8 

36.8 

2.1 

8.0 

15.9 

57.2 

34.8 

The  electron  density  is  shifted  toward  the  1st  carbon  atom  owing  to  conjugation  of  unpaired  electrons  of 
the  chlorine  atom  with  rr  -electrons  of  the  double  bond,  with  formation  6f  a  negative  charge  at  the  1st  carbon 
atom.  Because  of  the  smaller  radius  of  the  F  atom  and  its  higher  electronegativity  as  compared  with  chlorine, 
the  positive  charge  in  fluoroprene  is  at  the  carbon  atom  directly  linked  to  the  fluorine  atom. 


CH^C-  CH  =  CH2 
F 

The  fact  that  conversion  of  monofluoride  to  difluoride  is  more  favorable  thermodynamically  may  also 
favor  this  course  of  addition. 

If  the  hydrofluorination  of  vinylacetylene  with  a  mercury  catalyst  is  performed  in  presence  of  water,  the 
reaction  of  hydrogen  fluoride  addition  to  vinylacetylene  is  accompanied  by  hydration  of  vinylacetylene  with 
formation  of  methyl  vinyl  ketone. 
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A  B 


Fig.  3.  Effect  of  moisture  on  hydro- 
fluorination  of  C4H4: 

A)  conversion  of  C4H4  (HI)  and 
amount  of  resins  (I)  B)  output 
per  1  kg  of  catalyst  (II)  (in  g/hour); 
C)  moisture  content  {%). 


Methyl  vinyl  ketone  was  isolated  from  the  reaction  products, 
and  found  to  have  the  following  characteristics;  b.p.  80  —  82*, 
d*’4  0,8504,  n*D  1.4110.  The  condensation  product  with  phenyl- 
hydrazine  was  prepared.  Recrystallization  from  alcohol  yielded 
crystals  with  m.p.  76*,  which  coincides  with  the  melting  point  of 
methylphenylpyrazoline  [4], 

Under  hydrofluorination  conditions  most  of  the  methyl  vinyl 
ketone  formed  polymerized  under  the  influence  of  HF  with  forma¬ 
tion  of  resinous  products.  This  is  consistant  with  our  data  on  varia¬ 
tions  of  the  resin  content  on  introduction  of  different  amounts  of 
water  into  the  catalyst  mixture  (Table  4  and  Fig.  3). 

Resin  Formation  During  Hydrofluorination  of 
Vinylacetylene 

One  important  problem  in  studies  of  the  hydrofluorination  of 
vinylacetylene  is  the  nature  and  formation  conditions  of  the  resins 
which  accumulate  in  the  catalyst  mixture. 


Investigations  of  possible  resin  formation  under  reaction  conditions  in  which  vinylacetylene  and  fluoro- 
prene  were  passed  with  hydrogen  fluoride  through  vaseline  oil  without  catalyst  showed  that  resins  are  not  form¬ 
ed  in  the  oil,  but  gradually  accumulate  on  the  walls  of  the  apparatus  and  in  the  gas  outlet  tubes. 


Investigation  of  the  composition  of  the  resins  formed  in  the  catalyst  mixture  during  the  reaction  showed 
that  the  content  of  polymerized  compounds  containing  fluorine  is  about  40%  (calculated  as  polyfluoroprene), 
regardless  of  the  reaction  conditions. 

The  resins  accumulating  in  the  outlet  tubes  have  a  considerably  higher  content,  around  60%,  of  fluorine 
compounds  (Tables  5  and  6). 

The  amount  of  resins  formed  in  the  catalyst  mixture  is  roughly  3-5  times  the  amount  formed  in  the  outlet 

tubes. 


It  follows  from  the  data  in  Table  6  that  resins  are  formed  in  the  catalyst  mixture  only  in  presence  of  mer¬ 
cury  salts  and  excess  of  HF,  and  are  the  products  of  polymerization  of  vinylacetylene,  fluorine  compounds,  and 
by-products  formed  in  the  hydrofluorination  of  vinylacetylene. 

As  was  noted  earlier,  when  HgFi  reacts  with  vinylacetylene  in  absence  of  hydrogen  fluoride  the  principal 
reaction  is  reduction  of  mercury  salts  accompanied  by  considerable  resin  formation.  Evidently  this  reaction  may 
partially  occur  during  the  hydrofluorination  of  vinylacetylene. 

Investigations  of  the  effect  of  moisture  showed  that  addition  of  water  to  the  catalyst  mixture  decreases 
the  conversion  of  vinylacetylene  (the  hydrofluorination  of  vinylacetylene  is  almost  entirely  suppressed),  with  a 
considerable  increase  of  resin  formation  (Table  4,  Fig.  3). 


Hence  the  main  causes  of  resin  formation  in  hydrofluorination  of  vinylacetylene  by  means  of  mercuric 
oxide  suspensions  in  vaseline  oil  are  probably  the  following  reactions; 

a)  hydration  of  vinylacetylene,  with  formation  of  methyl  vinyl  ketone,  by  the  water  formed  in  the  reac 
tion  of  mercuric  oxide  with  hydrogen  fluoride;  Hg0  +  2HF->HgF2  +  H20: 


b)  reduction  of  mercury  salts  with  formation  of  readily-polymerized  diacetylenic  compounds; 

c)  polymerization  of  vinylacetylene  and  fluoroprene  under  the  influence  of  excess  hydrogen  fluoride. 

The  first  two  reactions  evidently  occur  at  the  very  start  of  the  process,  as  confirmed  by  the  data  in  Table  1, 
from  which  it  follows  that  after  2  hours  of  operation  the  resin  content  of  the  catalyst  mixture  reaches  about  20%, 
and  the  total  resin  content  after  127  hours  of  continuous  operation  is  35-37%. 
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SUMMARY 


1.  The  composition  of  the  catalyst  mixture  In  hydrofluorination  of  vinylacetylene  was  studied,  and  varla* 
tions  in  the  contents  of  mercury  and  its  salts  during  continuous  operation  of  the  catalyst  were  determined. 

2.  It  is  shown  that  the  time  of  continuous  operation  can  be  increased  considerably,  with  the  catalyst 
activity  remaining  constant,  by  periodical  renewal  of  the  catalyst  composition. 

3.  The  possible  mechanism  of  vinylacetylene  hydrofluorination  and  of  certain  side  reactions  taking  place 
in  the  synthesis  of  fluoroprene  from  vinylacetylene  is  discussed. 
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DIRECT  SYNTHESIS  OF  P  HE  N  Y  LT  RIC  HLOROS  IL  A  N  E  IN  A  FLUIDIZED  BED 

K.  A.  Andrianov,  S.  A.  Golubtsov.  N.  N.  Tishina, 
and  I.  V.  Trofimova 


Literature  data  on  the  preparation  of  phenylchlorosilanes  by  direct  synthesis  (from  chlorobenzene  and  sili¬ 
con  in  presence  of  catalysts)  are  very  scanty,  and  the  published  information  is  generally  not  sufficient  for  esti¬ 
mation  of  two  important  characteristics  of  the  process  “the  utilization  of  silicon  and  the  yield  of  product  per 
unit  time  (productivity).  Only  one  patent  [1]  contains  fairly  complete  data,  according  to  which  the  yield  of 
phenyltrichlorosilane  (by  Equation  (1),  given  below)  does  not  exceed  l.S'/o  on  the  silicon  and  40%  on  the  chlo¬ 
robenzene;  the  yield  of  phenyltrichlorosilane  per  100  g  of  catalyst  per  hour  does  not  exceed  0,14  g,  and  the  con¬ 
tent  of  the  product  in  the  liquid  mixture  is  9%. 

According  to  patent  information  [2],  50%  silicon  “  copper  alloy  oxidized  by  air  at  an  elevated  tempera¬ 
ture  has  high  activity  (the  reaction  product  contains  20%  of  phenyltrichlorosilane).  In  Rochow’s  detailed  investi¬ 
gation  [3]  of  different  catalysts  for  the  reaction  between  chlorobenzene  and  silicon  the  best  results  were  also 
obtained  with  the  use  of  oxidized  silicon  “  copper  alloy  (the  reaction  product  contained  10%  of  phenyltrichloro¬ 
silane  and  24%  of  diphenyldichlorosilane);  good  results  were  also  obtained  with  silicon  “  silver  alloy  (yields  of 
4  and  10%  respectively).  It  is  not  possible  to  calculate  the  yield  on  the  silicon  and  the  productivity  from  the 
data  given. 

In  one  paper  it  is  stated  [4]  that  it  is  possible  to  carry  out  the  reaction  between  chlorobenzene  and  silicon 
“  iron  alloy  (ferrosilicon),  and  tentative  schemes  for  the  chemical  reactions  are  presented.  However,  these 
schemes  are  not  substantiated  by  any  experimental  data,  and  can  hardly  be  accepted  as  representing  the  complex 
interaction  of  chlorobenzene  with  silicon. 

In  the  present  investigation  we  attempted  to  bring  about  the  direct  synthesis  of  phenylchlorosilanes  in  a 
fluidized  bed,  the  solid  particles  of  the  catalyst  mass  being  agitated  by  a  stream  of  chlorobenzene  vapor.  We 
showed  in  the  case  of  the  preparation  of  ethylchlorosi lanes  [5]  that  when  the  reaction  is  effected  by  this  method 
the  process  characteristics  are  much  better  than  in,  say,  direct  synthesis  in  a  stirred  reactor  or  without  stirring. 

Our  experiments  showed  that  the  reaction  of  chlorobenzene  with  silicon  in  a  fluidized  bed  proceeds  with 
satisfactory  activity  at  elevated  temperatures  (at  about  600*)  only  in  presence  of  appreciable  amounts  of  hy¬ 
drogen  chloride,  which  also  interacts  with  silicon.  The  catalysts  used  were  copper  or  iron  in  the  form  of  alloys 
with  silicon.  The  main  reaction  product  is  phenyltrichlorosilane;  very  little  diphenyldichlorosilane  is  formed. 

In  addition,  the  reaction  products  contain  considerable  amounts  of  benzene  and  silicon  tetrachloride;  somewhat 
smaller  amounts  of  trichlorosilane  and  even  smaller  amounts  of  diphenyl  were  found.  Considerable  amounts  of 
carbon,  partly  as  the  element  and  partly  combined  with  silicon  as  the  carbide,  accumulate  in  the  spent  alloy 
during  synthesis.  The  gaseous  reaction  products  consist  mainly  of  hydrogen. 

Table  1  contains  the  principal  over-all  results  obtained  when  the  reaction  between  chlorobenzene,  hydro¬ 
gen  chloride,  and  silicon  was  conducted  in  presence  of  copper  (Experiment  No.  1)  or  iron  (Experiment  No.  2)  as 
catalyst.  If  follows  from  these  results  that  when  the  process  is  effected  in  a  fluidized  bed  quite  satisfactory  pro¬ 
ductivity  can  be  attained,  with  satisfactory  yields  of  phenyltrichlorosilane. 

For  detailed  investigation  of  the  processes  taking  place  in  the  interaction  of  silicon  with  chlorobenzene 
and  hydrogen  chloride,  complete  analyses  of  the  products  formed  in  the  experiments  detailed  in  Table  1  were 
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TABLE  1 


Principal  Process  Characteristics  in  the  Preparation  of  Phenyltrichloro- 
sllane  in  a  Fluidized  Bed 


Yield  (in  g)  of  phenyltrichlorosllane  per  100  g 
of  contact  mass  per  hour  (productivity) 

Yield  of  phenyltrichlorosllane  {%)  by 
Equation  (1): 

a)  on  the  converted  chlorobenzene 

b)  on  the  silicon  taken 

Total  percentage  conversion  of  silicon 

Average  contents  of  phenyltrichlorosllane  in 
reaction  products 

TABLE  2 


Molar  Amounts  of  Substances  Consumed  or  Formed  in  the  Direct  Synthesis  of  Phenyltri- 
chlorosilane 


Expt. 

,  No.  1 

Expt, 

.  No.  2 

reacted 

formed 

reacted 

formed 

Silicon 

2.86 

3.64 

Chlorobenzene 

3.46 

— 

6,43 

— 

Hydrogen  chloride 

6,70 

6.25 

— 

Phenyltrichlorosilane 

— 

1.09 

— 

1.75 

Silicon  tetrachloride 

— 

0.91 

— 

1.17 

Benzene 

— 

1.30 

— 

2.72 

Trichlorosilane 

— 

0.66 

— 

0.45 

Carbon 

— 

5.10 

— 

8.00 

Hydrogen 

— 

3.19 

— 

5.00 

Di  phenyldichlorosi  lane 

*— 

0.05 

0.05 

Diphenyl 

— 

0.10 

*— 

0.16 

Chlorine  in  the  form  of  nonvolatile 

compounds  in  the  spent  mass 

0.45 

— 

0.72 

performed,  and  the  material  balance  was  calculated.  The  results  were  used  for  calculation  of  the  molar  pro¬ 
portions  of  the  reacted  and  formed  substances  (Table  2),  and  an  attempt  was  made  to  represent  the  process  (in 
the  first  approximation)  by  a  series  of  chemical  equations. 

Analysis  of  the  data  in  Table  2  suggests  that  the  principal  reaction  in  the  process  is  interaction  of  chloro¬ 
benzene  with  silicon: 

.iCnllsCl  -I  Si  -^  ( :„Ilr,SiCl3  f  2C„H6.  (1) 


Characteristics 


Expt. 

No.  1 

Expt. 
No,  2 

11.1 

11.2 

95 

82 

21 

32 

54 

66 

15.8 

18.3 
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For  example,  in  Experiment  No.  1,  according  to  Equation  (1)  the  formation  of  1.09  mole  of  phenyltri- 
chlorosilane  requires  the  consumption  of  3  x  1.09  =  3.27  moles  of  chlorobenzene  and  1  x  1.09  =  1.09  mole  of  sili- 

3  27 

con.  This  corresponds  to  the  interaction,  in  accordance  with  Equation  (1),  of  '*7r  *100  =  95  molar  °h  of  the  ex- 
1.09 

pended  chlorobenzene  and  •100  =  30,2  molar  1o  of  the  expended  silicon. 

2*8o  ^ 

An  analogous  calculation  for  Experiment  No.  2  gives  82  molar  %  of  chlorobenzene  and  48  molar  of  sili¬ 
con  respectively.  Similar  calculations  for  the  formation  of  the  other  main  reaction  products  show  that  about 
35*^  of  the  expended  silicon  reacts  with  hydrogen  chloride  according  to  the  scheme 

Si -f/iHCi  -♦  SiCm- 4H  (2) 

and  about  according  to  the  scheme 

Si  (  3HC1  -♦  HSiCl3-|-2H.  (3) 

55  —  lb%  of  the  hydrogen  chloride  reacts  according  to  Equation  (2),  and  22  “  30^o  according  to  Equation (3). 
The  formation  of  diphenyldichlorosilane 

2C6HbG1  +  Si  (G6H5)2SiCla  (4) 

is  of  secondary  importance  in  the  experimental  conditions  studied.  Less  than  2^o  of  the  expended  silicon  and 
about  2%  of  the  expended  chlorobenzene  take  part  in  Reaction  (4). 

Of  the  total  quantity  of  phenyl  radicals  formed  in  Reaction  (1),  the  main  part  (60—  lb°lo)  reacts  with  hy¬ 
drogen  formed  by  Reactions  (2),  (3),  and  (7) 


A  small  proportion  (4  “  6*70)  of  the  phenyl  radicals  forms  diphenyl 

2G„n;  GfiHoG„Il5. 

and  the  rest  undergoes  pyrolysis  with  formation  of  carbon: 

G,.,H5  ->  6G-f  5II. 


(5) 


(6) 


(7) 


(According  to  the  balance  for  Experiment  No.  2,  rather  more  carbon  is  formed  than  would  correspond  to 
the  remaining  phenyl  radicals,  probably  by  pyrolysis  of  chlorobenzene).  Of  the  hydrogen  formed  in  Reactions(2), 
(3),  and  (7),  16  —  20*70  enters  Reaction  (5)  and  the  rest  forms  elemental  hydrogen 


It  is  not  claimed  that  the  suggested  scheme  is  an  accurate  description  of  the  highly  complex  processes 
taking  place  in  the  reaction  between  chlorobenzene,  hydrogen  chloride,  and  silicon  under  the  conditions  des¬ 
cribed  below.  The  scheme  is  tentative  in  a  number  of  respects;  for  example,  it  is  not  known  whether  the  chlo¬ 
rine  atoms  from  the  hydrogen  chloride  molecules  form  silicon  tetrachloride  and  trichlorosilane  only,  or  whether 
they  are  also  partially  involved  in  the  formation  of  phenyltrichlorosilane  molecules,  etc.  However,  in  our  opin¬ 
ion  this  scheme  may  be  accepted  in  the  first  approximation  as  representing  the  material  changes  taking  place 
in  the  synthesis  of  phenyltrichlorosilane  in  a  fluidized  bed. 
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TABLE  3 


Composition  of  Original  and  Spent  Alloy  Clf) 


Composition  of  Alloy 

Expt. 

No.  1 

Expt. 

No.  2 

fresh 

spent 

fresh 

spent 

Silicon 

73.6 

34.0 

79.0 

28.0 

Copper 

26.0 

25.9 

0.3 

— 

Iron 

— 

— 

13.0 

11.0 

Aluminum 

0.2 

— 

1.2 

— 

Carbon 

— 

31.0 

48.4 

Chlorine 

— 

5.1 

— 

12.2 

TA  BLE  4 


Material  Balance  (in  g) 


Products 

Expt. 

No.  1 

Expt, 

No.  2 

taken 

found 

taken 

found 

Alloy 

200 

196 

200 

199 

Hydrogen  chloride 

344 

62 

425 

112 

Chlorobenzene 

1210 

— 

1783 

— 

Condensate 

— 

1452 

— 

2015 

Gases  (calculated  as  hydrogen) 

— 

8 

— 

10 

Losses 

— 

36 

— 

72 

Total 

1754 

1754 

2408 

2408 

TABLE  5 


Amounts  and  Composition  of  Gaseous  Reaction  Products 


Expt. 

Amount  of 

Composition  {°lo) 

No. 

gas  (liters) 

hydrogen 

hydrogen 

chloride 

hydrocarbons 

1 

120 

87.2 

6.0 

6.8 

2 

166 

76.0 

1.6 

— 

EXPERIMENTAL 

Apparatus  used  for  direct  synthesis.  Hydrogen  chloride  was  prepared  by  the  action  of  sulfuric  acid  on  dry 
sodium  chloride.  The  salt  was  put  in  a  3-liter  round  flask,  and  96*^  sulfuric  acid  was  gradually  added  from  a 
dropping  funnel.  Hydrogen  chloride  passed  through  a  drying  column  containing  calcium  chloride  into  a  preheater, 
where  it  was  mixed  with  chlorobenzene  vapor;  the  feed  rate  was  regulated  by  means  of  a  flow  meter.  Chloro¬ 
benzene  was  supplied  into  the  preheater  from  a  dropping  funnel.  The  mixture  of  chlorobenzene  vapor  and  hydro- 
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TABLE  6 

Composition  of  Liquid  Reaction  Products 


Fraction 

No, 

Boilin^range  of  frac-  j 

Expt. 

No.  1 

Expt. 

No.  2 

yield 
(wt  '7'') 

chlorine 
content  (%)  ' 

yield 

(wt  °Io)  j 

chlorine 
content  (vo) 

1 

32—57 

1 

6.4 

80.0 

3.1 

80.3 

2 

57-58 

6.0 

84.0 

9.1 

84.0 

3 

58—80 

4.7 

81.5 

1.1 

62.6 

4 

80—81 

5.9 

0.9 

9.3 

— 

5 

81—130 

1.8 

— 

3.3 

— 

6 

130—132 

55.0 

— 

50.0 

— 

7 

132—193 

3.8 

42.6 

5.7 

43.9 

« 

193—197 

12.5 

50.4 

13.2 

50.3 

9 

2(.>0— 210 

1.0 

44.0 

1.1 

43.0 

10 

210-254 

0.1 

28.0 

0.7 

34.7 

11 

254—290 

1.0 

10.5 

1.0 

11.6 

12 

290—310 

0.9 

16.7 

0.6 

12.0 

13 

Residue  in  still 

0.3 

— 

0.4 

— 

Losses 

0.6 

1.4 

TABLE  7 

Proportions  of  Silicon,  Chlorine,  Carbon,  and  Hydrogen  Involved  in  Formation  of  the  Indivi¬ 
dual  Reaction  Products  (molar  %) 


Substances  formed 

Elements  from  the  original  compounds 
the  reaction 

,  entering 

Expt.  No.  1 

Expt.  No.  2 

s.  1 

Cl  1 

c  1 

H 

SI 

Cl 

c 

H 

Phenyltrichlorosilane 

38.2 

32.2 

31.5 

22.7 

48.3 

40.8 

27.3 

22.8 

Silicon  tetrachloride 

31.9 

35.8 

— 

— 

32.2 

36.3 

— 

— 

Trichlorosilane 

23.1 

19.6 

— 

2.8 

12.4 

10.4 

— 

1.2 

Diphenyldichlorosilane 

1.8 

1.0 

2.9 

2.1 

1.4 

0.8 

1.6 

1.3 

Benzene 

_ 

_ 

37  7 

32.6 

_ 

— 

42.3 

42.3 

Diphenyl 

— 

_ 

5.8 

4.2 

— 

— 

5.0 

4.2 

Hydrogen 

— 

— 

— 

26.7 

— 

— 

— 

26.0 

Carbon  (free  and  as  carbide) 

24.5 

20.8 

Chlorine  in  nonvolatile  com¬ 
pounds  in  alloy 

4.5 

5.6 

_ 

Other  compounds  and  losses 

5.0 

6.9 

2.4 

8.9 

5.7 

6.1 

3.0 

2.2 

Total 

100 

KHl.O 

100.0 

100.0 

i 

100.0 

100.0 

100.0 

1  100.0 

gen  chloride  then  entered  the  reactor.  The  reaction  products  were  condensed  in  a  condenser  and  collected  in 
receivers;  the  uncondensed  products  passed  to  a  trap  cooled  in  a  mixture  of  solid  carbon  dioxide  and  acetone, 
and  the  gas  then  passed  through  a  wash  bottle  with  alkali  and  collected  in  a  gas  holder. 

Experimental  procedure.  100  g  of  powdered  silicon  “  copper  (Experiment  No.  1)  or  silicon”  iron  (Experi¬ 
ment  No.  2)  alloy  was  put  in  the  reactor  (the  composition  of  the  alloys  is  given  in  Table  3).  The  alloy  was 
dried  in  a  current  of  nitrogen,  and  hydrogen  chloride  at  20  —  25  liters/hour  and  chlorobenzene  at  110—  120g/hour 
were  then  passed  into  the  reactor  at  600*.  The  course  of  the  process  was  investigated  at  intervals  by  distil¬ 
lation  of  condensate  samples  from  a  flask  with  a  fractionating  column;  when  the  phenyltrichlorosilane  content 
of  the  condensate  fell  to  12*7«>,  the  process  was  stopped  (after  10  hours  30  minutes  in  Experiment  No.  1,  and  after 
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IG  hours  40  minutes  in  Experiment  No.  2).  The  total  amount  of  hydrogen  chloride  introduced  into  the  reactor 
was  found  from  the  difference  between  the  amounts  of  sulfuric  acid  and  sodium  chloride  used,  and  the  amount 
of  acid  sodium  sulfate  found  at  the  end  of  the  experiment.  The  spent  alloy  was  removed  from  the  reactor, 
weighed,  and  analyzed  (the  results  are  given  in  Table  3).  The  liquid  reaction  products  collected  in  the  receivers 
and  trap  were  mixed  and  fractionated.  The  material  balance  for  the  experiments  is  given  in  Table  4,  and  ana¬ 
lytical  results  for  average  samples  of  the  gaseous  reaction  products  are  given  in  Table  5. 

Separation  of  the  liquid  reaction  products.  The  composition  of  the  condensate  was  determined  by  recti¬ 
fication  of  a  part  of  it  (about  one  half  of  the  total)  through  a  column  (20  mm  in  diameter  and  800  mm  high) 
packed  with  porcelain  3x1x1  mm  rings,  from  a  still  1  liter  in  capacity.  Fractions  boiling  up  to  200* 
were  collected,  after  which  the  rectification  was  stopped  and  the  residue  was  distilled  from  a  column  fitted 
with  a  dephlegmator,  the  fractions  between  200  and  310*  being  collected.  The  composition  of  the  fractions 
was  calculated  from  data  on  their  chlorine  contents.  The  results  of  separation  of  the  condensates  obtained  in 
Experiments  Nos.  1  and  2  are  given  in  Table  6. 

To  identify  the  reaction  by-products  “  trichlorosilane  and  benzene  “  fractions  1  and  4  were  rectified 
again  and  then  analyzed. 

Fraction  32  “  33“ 

Found  %.  Si  21.2;  H  0.67;  Cl  78.8 

HSiClj.  Calculated  Si  20.7;  H  0.74;  Cl  78.9 

Fraction  80  —  81* 

Founder  C  92.0;  H  7.7. 

CgHfi.  Calculated  C  92.2;  H  7.8. 

Calculations.  The  data  in  Tables  3  “  6  were  used  for  calculation  of  the  molar  amounts  of  the  reacting 
substances  and  products  (Table  7).  The  losses  (which  did  not  exceed  3*^0)  were  nominally  counted  as  hydrogen 
cliloridc  in  the  calculations. 

Table  7  shows  the  proportions  of  silicon,  chlorine,  carbon,  and  hydrogen  in  the  reacting  substances  enter¬ 
ing  the  various  reaction  products.  The  amounts  unaccounted  for  (due  to  the  formation  of  compounds  not  listed 
in  Table  7,  etc.)  comprise  about  5  —  6*70.  This  degree  of  accuracy  can  be  considered  satisfactory  in  view  of  the 
complexity  of  the  reactions,  the  high  temperature  of  the  synthesis,  and  the  large  number  of  compounds  formed. 

SUMMARY 

The  synthesis  of  phenyltrichlorosilane  from  chlorobenzene,  hydrogen  chloride,  and  silicon  in  a  fluidized 
bed,  in  presence  of  copper  or  iron  catalyst,  was  studied;  it  is  shown  that  high  yields  of  the  product  per  unit  time 
(productivity)  can  be  obtained,  with  a  satisfactory  yield  of  phenyltrichlorosilane  and  fairly  complete  utilization 
of  silicon. 
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SYNTHESIS  OF  6  -  M  ET  H  Y  L  N  A  P  HTH  A  L  EN  E 


I.  L.  Koi  lya  r  e  vsk  1  i  and  A.  S.  Zanina 


It  was  shown  In  previous  papers  of  this  series  [1  “  3]  that  dlvlnylacetylene  and  its  alkyl  derivatives  can 
undergo  ring  closure  to  form  aromatic  hydrocarbons  under  the  influence  of  such  catalysts  as  aluminum  oxide, 
chromium  oxide  on  aluminum  oxide  with  or  without  an  admixture  of  magnesium  oxide,  molybdenum  oxide  on 
aluminum  oxide,  aluminum  carbide,  etc.  It  was  found  that  this  reaction  can  be  used  for  synthesis  of  aromatic 
hydrocarbons  of  predetermined  structure;  it  was  possible  to  synthesize  compounds  of  the  general  formula 


M' 

M— < 


\ 


where  R"  is  hydrogen  or  an  alkyl  group. 

This  method  was  used  for  synthesis  of  monocyclic  aromatic  hydrocarbons:  benzene,  toluene,  and  p-xylene; 
and  a  tricyclic  hydrocarbon,  phenanthrene. 

It  was  of  undoubted  interest  to  attempt  to  use  aromatization  of  divinylacetylene  hydrocarbons  for  the  syn- 
thesisof  bicyclic  aromatic  hydrocarbons.  We  therefore  performed  the  aromatization  of  isopropenylcyclohexenyl- 
acetylene,  with  the  formation  of  0 -methylnaphthalene. 

Clla 


Isopropenylcyclohexenylacetylene  was  prepared  by  dehydration  of  cyclohexylolisopropylolacetylene,  syn¬ 
thesized  by  the  Favorskii  method  by  condensation  of  dimethylethynylcarbinol  with  cyclohexanone. 

CH, 


The  aromatization  catalysts  tried  were  MgOjCrjC^I  AI2OS  (2 : 18 :  80),  Cr2C^|  AI2OS  (20:  80)  and  an  indus¬ 
trial  molybdenum  catalyst.  The  best  results  were  obtained  with  MgO|Cr20^|Al20^  catalyst,  when  0 -methylnaph¬ 
thalene  was  obtained  in  about  18%  yield  at  400*;  a  lower  yield  was  obtained  if  the  temperature  was  increased 
by  50*.  The  yields  of  0 -methylnaphthalene  were  somewhat  lower  with  Cr2Cl^|Al20^  catalyst  than  with  the  pre¬ 
ceding  one,  while  the  industrial  molybdenum  catalyst  caused  such  extensive  cracking  of  the  dienyne  that  the 
catalyzate  yield  was  very  low. 


OH 


+  HO,— .C— (X 


on 

c.ih 


3  KOH 


/OH, 

K.  Ci=l£(i — (X 

OH  |Nhi., 
OH 


•  Communication  VI  in  the  series  on  unsaturated  hydrocarbons. 
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TABLE  1 


Aromatization  of  Cyclohexenylisopropenylacetylene 


Expt. 

No. 

Catalyst 

Temperature 
(•C)  ^ 

Substance 
fed  in  (g) 

Feed  rate 
(g  per  liter 

Catalyzate 
yield  (%) 

<0 

1  c 

oSa 

Melting 
point  01  pi- 
crate  (*C) 

1 

a 

.g^-oU 

M  «  w 

s 

1 

I  ( 

4(K) 

6.6 

133.5 

45.5 

17.9 

115-116 

114.5-115.5 

2 

MK()|Cf2(>3l  AIjO,- 

450 

0.3 

133.5 

31.8 

17.2 

115—116 

115-116 

3* 

1  1 

450 

6.0 

267 

40.0 

12.5 

115—116 

115-116 

1** 

]  ( 

4(K) 

7 

133.5 

44.3 

15.7 

114-115.5 

114-116 

2*** 

1  CfoOl  1  Al9(  )•<  1 

450 

(i.7 

133.5 

31.4 

14.9 

114—115.5 

114-116 

* 

I  ■  ■  1 

450 

7.2 

267 

46.8 

15.3 

115—116 

115—116 

•  0.6  g  of  a  mixture  of  the  original  substance  with  B -methylnaphthalene  boiling  at  96“  107* 

(17  mm  Hg)  was  also  obtained. 

•  •  1.2  g  of  an  88  “  107“  fraction  (at  15  mm  Hg)  was  also  obtained. 

•  •  •  0.5  g  of  a  94  “  104*  fraction  (at  15  mm  Hg)  was  also  obtained. 

•  •  •  •  1  g  of  an  86  “  110* fraction  (at  16  mm  Hg)  was  also  obtained. 

It  was  shown  earlier  [2,  3]  that  partial  hydrogenation  of  divinylacetylene  hydrocarbons  prior  to  aromatiza¬ 
tion  increases  the  yield  of  the  required  hydrocarbons  and  gives  a  more  homogeneous  catalyzate.  For  example, 
when  two  hydrogen  molecules  are  introduced  into  the  molecule  of  2,5-dimethylhexadiene-l,5-yne-3,  or  three 
hydrogen  molecules  are  introduced  into  the  molecule  of  2-methylhexadiene-l,5-yne-3,  the  yields  are  increased 
severalfold,  and  the  catalyzates  consist  of  almost  lOO^o  individual  p-xylene  and  toluene  respectively. 

Therefore  in  our  studies  of  the  aromatization  of  cyclohexenylisopropenylacetylene  it  was  decided  to  test 
the  effect  of  introducing  two  molecules  of  hydrogen  into  the  dienyne  molecule  on  the  yield  and  composition  of 
the  catalyzate.  Accordingly,  2-methyl-4-(cyclohexen-l-yl)-butene  was  synthesized  by  dehydration  of  the  pro¬ 
duct  formed  by  exhaustive  hydrogenation  of  cyclohexylolisopropylolacetylene: 


^  Y  I  V,n,  n,.  N1 

I  Mill  OH - 


'OH 


\/ 


OH 


CH., 


(HIo  ,  XH 

— Cll  ,011^— (’,</  {  CH  ,— OH 


OH., 


Aromatization  of  2-methyl-4-(cyclohexen-l-yl)-butene  was  performed  under  various  conditions  with  the 
same  catalysts  as  those  used  for  aromatization  of  cyclohexenylisopropenylacetylene. 

It  was  shown  in  the  preceding  investigations  that  the  optimum  aromatization  temperature  increases  with 
increasing  saturation  of  the  original  hydrocarbon.  This  rule  applies  to  the  present  instance  also. 

Whereas  the  optimum  temperature  for  aromatization  of  cyclohexenylisopropenylacetylene  is  400*  aro¬ 
matization  of  2-methyl-4-(cyclohexen-l-yl)-butene  proceeds  best  at  450*,  and  the  best  catalyst  is  MgOjcriQs] 
I  AljOs  (2:18: 80).  Almost  pure  6  -methylnaphthalene  is  obtained  in  '-30^o  yield  with  this  catalyst  at  450* 
and  a  space  velocity  of  0.15  liter/liter  of  catalyst  per  hour.  At  higher  space  velocities  the  yield  of  6  -methyl- 
naphthalene  fell,  and  the  product  was  contaminated  with  unconverted  2-methyl-4-(cyclohexen-l-yl)-butene. 
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TABLE  2 

Aromatization  of  2-Methyl-4-(cyclohexen-l-yl)-butene-l 


Tempera¬ 
ture  (“O 

Substance 
Fed  in  (g) 

Feed  rate 
(g  per  liter 
catalyst  per 
liour) 

Yield  of 

6  -methyl- 
naphthalene 

Cataly¬ 

zate 

yield  {°Jo) 

Melting  point 
of  picrate  (‘7’) 

Melting  point 
of  mlxea  sam¬ 
ple  CC) 

MgO 

1  CrgOa  1  AljOg  (2:  18: 

80) 

400 

10 

133.5 

17 

49 

111.5-112 

112—115 

450 

9.6 

133.5 

31 

31.3 

114  -115 

114-115 

450 

8.9 

2(X» 

18.4 

33.7 

114  —115 

114-115 

4,50 

4.9 

267 

22.3 

.34.7 

114  —115 

114-115 

500 

10 

1,33.5 

0.5  g  of  naphthalene  obtained;  substance  and 

mixed  sample  m.p. 

79.5-80“C 

5(X) 

5.4 

267 

1  14.8 

1  Not 

formed 

Cr2()3  1  AI2O; 

3  (20 :  80) 

400 

3.56 

133.5 

Not  obtained 

50 

Original 

450 

8 

133.5 

15.6 

55 

113-113.5 

112-115 

5(X) 

8 

1.33.5 

17.5 

34 

115-116 

115-116 

550 

5.8 

1.33.5 

19.1 

31 

114-115 

114-115 

Industrial  molybdenum  catalyst 

400 

5.4 

133.5 

10 

42.5 

114-115 

114-115 

4.50 

5.4 

13.3.5 

10 

18.5 

114-115 

114—115.5 

.5(X) 

7.1 

1.33.5 

1.5.6 

22.5 

11.5— 117and 

1 

135-1.36 

5(X) 

8.0 

267 

18.7 

27.5 

116-120 

131-132.5 

At  500*  c  the  substances  undergo  extensive  changes.  The  only  product  isolated  was  a  small  quantity  of  naph¬ 
thalene. 

A  higher  temperature  is  required  with  the  alumina  “  chromium  oxide  catalyst  than  with  the  catalyst  pro¬ 
moted  by  magnesium  oxide  in  order  to  bring  the  reaction  about,  but  the  former  has  a  lower  cracking  action. 

The  industrial  molybdenum  catalyst  caused  extensive  decomposition  of  the  hydrocarbon  molecule. 

The  results  of  experiments  on  aromatization  of  cyclohexenylisopropenylacetylene  are  summarized  in  Table 
1,  and  on  aromatization  of  2-methyl-4-(cyclohexen-l-yl)-butene,  in  Table  2. 

EXPERIMENTAL 

Hydrogenation  of  isopropylolcyclohexylolacetylene.  150  g  of  the  glycol,  100  ml  of  ethanol,  and  10  g  of 
Raney  nickel  were  stirred  together  in  a  0.5  liter  autoclave  at  100*  and  at  60  atmos  initial  pressure.  35  liters 
of  hydrogen  was  absorbed.  140  g  of  l-cyclohexylol-2-isopropylolethane  was  obtained  after  removal  of  the  alco¬ 
hol. 


Dehydration  of  l-cyclohexylol-2-isopropylolethane.  50  g  of  the  diol  and  5  ml  of  90*70  phosphoric  acid 
were  heated  together  in  a  Favorskii  flask,  with  distillation  of  the  dehydration  products.  The  substance  was  se¬ 
parated  from  water,  dried  over  calcium  chloride,  and  fractionated. 

The  following  fractions  were  isolated  from  40  g  of  the  dehydration  product: 

Fraction  I  b.p.  56  “  85*  (86  mm  Hg)  “  6  g, 

Fraction  II  b.p.  114  —  119“  (84  mm  Hg),  n^D  1.4731  —  15  g, 

Fraction  III  b.p.  130—  154“  (85  mm  Hg)  — 6.8  g. 

Fraction  IV  b.p.  119  —  129“  (6  mm  Hg)  —  10.4  g. 

Residue  1.5  g. 
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Fraction  II  was  2-methyl-4-(cyclohexen-l-yl)-butene,  used  for  the  subsequent  aromatization. 

Dehydration  of  isopropylolcyclohexylolacetylene.  26  g  of  the  glycol  and  18  g  of  calcined  and  powdered 
potassium  bisulfate  were  heated  together  in  a  Wurtz  flask,  with> distillation  of  the  reaction  products.  20.3  g  of 
substance  was  obtained;  it  was  separated  from  water,  dried  over  calcium  chloride,  and  fractionated. 

The  following  fractions  were  obtained: 

Fraction  I  b.p.  63  ~  77*  (27  mm  Hg)  “  1.21  g. 

Fraction  II  b.p.  83  -91.5*  (27  mm  Hg).  n^®D  1.5161  -  2.2  g. 

Fraction  III  b.p.  107  -  111"  (28  mm  Hg),  n^D  1.5279  -  6.63g, 

Fraction  IV  b.p.  186.5  —  188*  (28  mm  Hg)  —  5.4  g. 

Fraction  V  b.p.  179*  (1  mm  Hg)  “3.8  g. 

Fraction  III  was  cyclohexenylisopropenylacetylene  [4]. 

Aromatization  of  cyclohexenylisopropenylacetylene  and  2-methyl-4-(cyclohexen-l-yl)-butene  was  car¬ 
ried  out  over  75  ml  of  catalyst  contained  in  a  quartz  tube  heated  in  a  tube  furnace  with  automatic  temperature 
regulation  to  within  ^^2*.  The  substance  was  fed  from  a  metering  device.* 

For  preparation  of  the  catalysts,  pieces  of  industrial  alumina  were  impregnated  with  a  solution  of  the  cal¬ 
culated  amount  of  chromic  anhydride  in  water  (for  a  catalyst  promoted  with  magnesium  oxide,  the  calculated 
amount  of  magnesium  carbonate  was  first  dissolved  in  the  chromic  acid),  dried  at  105"  and  calcined  in  a 
current  of  air  at  350  —  500"  (for  2  hours)  and  500  —  550*  (for  2  hours).  Industrial  molybdenum  catalyst  was  ob¬ 
tained  from  one  of  the  local  plants.  The  catalyst  was  regenerated  by  air  at  500  —  550*  after  each  experi¬ 
ment.  Hydrogen  was  blown  through  the  catalyst  tube  before  introduction  of  the  substance  and  after  the  end  of 
the  experiment.  The  catalyzate  was  collected  in  a  receiver  cooled  in  ice  —  salt  mixture,  and  fractionated  after 
each  experiment. 

For  purification,  6  -methylnaphthalene  was  converted  into  the  picrate;  to  isolate  the  substance  from  the 
picrate  an  alcoholic  solution  was  passed  tlirough  a  column  of  aluminum  oxide  18  *“  20  mm  in  diameter  and  100 
mm  long.  This  yielded  B -methylnaphthalene  witlrm.p.  36-37";  a  mixed  sample  with  the  known  compound 
had  m.p.  of  36-37*.  The  course  of  reaction  was  indicated  by  gas  evolution.  The  catalysts  did  not  show  any 
noticeable  loss  of  activity  in  use. 

SUMMARY 

1.  Aromatization  of  cyclohexenylisopropenylacetylene  yielded  6  -methylnaphtlialene. 

2.  If  2-methyl-4-(cyclohexen-l-yl)-butene  is  used  for  aromatization,  the  yield  and  purity  of  the  product 
are  increased. 
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SYNTHESIS  OF  ISODECYL  ALCOHOL  AND  PRODUCTION  OF  ESTERS  FROM  IT 

A.  I.  Kutsenko,  V.  I.  Lyubomilov,  and  R.  A,  Abramova 
Laboratory  of  Organic  Synthesis,  Scientific  Research  Institute  of  Plastics 


It  is  known  that  among  the  best  plasticizers  for  polyvinyl  chloride  are  di-2-ethyIhexyl  sebacate  and  di-2- 
ethylexyl  phthalate;  these  yield  the  most  frost-resistant  plasticized  products  with  high  volume  resistivity.  We 
considered  that  an  ester  made  from  adipic  acid,  which  is  a  cheap  and  abundant  industrial  intermediate,  and  an 
alcohol  containing  rather  more  carbon  atoms  in  the  molecule  than  2-ethylhexanol,  should  not  be  inferior  in 
quality  to  the  above-named  plasticizers.  There  have  been  several  publications  [1]  In  recent  years  on  the  use  of 
esters  of  isodecyl  alcohol,  although  the  stmcture  of  the  latter  is  not  Indicated.  We  therefore  tested  isodecyl  al¬ 
cohol  —  2,6-dimethyl-3-methylolheptane  “  which  can  be  easily  prepared  by  condensation  of  isoamyl  alcohol  in 
presence  of  caustic  soda  and  a  dehydration  catalyst,  by  the  method  described  earlier  for  the  preparation  of  2- 
ethylhexanol-1  from  n-butanol  [2]. 


temperaturei30— 150° 


(’,11, 


ClIa—CH-CMa-CHo—C, 11— enroll  -f  H2O. 


CIL 


CI1 

/\ 

Ullj  (’,113 


Isoamyl  alcohol  can  also  be  readily  available;  for  example,  it  may  be  made  from  Isobutylene  and  form¬ 
aldehyde  by  the  Prins  reaction. 


EXPERIMENTAL 

Synthesis  of  2,6-dimethyl“3-methylolheptane.  The  boiler  of  the  apparatus  described  for  the  condensation 
of  n-butanol  [2]  was  charged  with  1500  g  of  isoamyl  alcohol,  45  g  of  caustic  soda,  and  40  g  of  industrial  nickel 
catalyst  supported  on  chromium  oxide.  The  reaction  was  conducted  as  for  the  condensation  of  n-butanol,  but 
the  temperature  was  128“  at  the  begiiuilng  and  148*  at  the  end  of  the  condensation.  The  reaction  product  was 
distilled  in  steam,  and  the  alcohols  were  separated  from  water  and  rectified  through  a  fractionating  column  20 
cm  high.  The  product  consisted  of  524  g  of  unchanged  isoamyl  alcohol,  and  574  g  of  a  199  “  206*fractlon,  with 
79.2  g  of  residue  in  the  still.  In  addition,  30  g  of  a  substance  containing  74.0%  of  Isovaleric  aldehyde  was  de¬ 
canted  earlier  from  the  water  separator  of  the  reaction  apparatus.  Pure  isovaleric  aldehyde  boiling  at  92* 
was  isolated  from  it  by  distillation.  The  yield  of  the  isodecyl  alcohol  fraction  was  67.5%  of  the  theoretical,  cal¬ 
culated  on  isoamyl  alcohol.  The  bromine  number  of  this  fraction  was  10.45  g  Br/lOO  g. 

For  preparation  of  isodecyl  alcohol,  this  fraction  was  hydrogenated  in  an  autoclave  under  120  “  150  atmos 
hydrogen  pressure  at  a  temperature  reaching  150*,  in  the  presence  of  a  catalyst  consisting  of  nickel  on  chromium 
oxide  (5%  on  the  weight  of  the  fraction).  The  hydrogenation  product  was  filtered  to  remove  catalyst  and  recti¬ 
fied  under  vacuum  through  a  packed  column  of  about  8  theoretical  plates.  The  rectification  yielded  about  0.5% 
of  water  and  isoamyl  alcohol,  and  93%  (on  the  weight  taken)  of  2,6-dimethyl-3-methylolheptane  fraction;  b.p. 
208.5“  209*  (761  mm),  cf^jo  0.8345,  n*D  1.4370,  bromine  number  0. 
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TABLE  1 

Physicochemical  Properties  of  2,6-Dimethyl-3-methylolheptane  (isodecyl  alcohol)  Esters* 


Ester 

n^D 

Acid  num¬ 
ber,  mg 
KOH/g 

Saponification 

number 

Temperature 

(•c) 

Volume 
resistivity 
at  20* 

(ohm  -  cm) 

found 

calculated 

flash 

point 

setting 

point 

Diisodecyl  succinate 

0.9215 

1.4468 

0.08 

281.2 

282 

188 

-57 

4.6-10“ 

Diisodecyl  adipate 

0.9166 

1.4492 

0.18 

266.8 

262.8 

200 

-57 

6.3-10“ 

Diisodecyl  sebacate 

0.9074 

1.4520 

0.23 

230.5 

232 

229 

-58 

5.1*10“ 

Diisodecyl  phthalate 

0.9670 

1.4830 

0.58 

255.0 

250.6 

210 

- 

4.3-10*'’ 

Diisodecyl  thiodipropionate 

0.9551 

1.4648 

0.29 

244.4 

244.5 

213 

-55 

1.9-10“ 

*  Constants  determined  for  undistilled  esters. 
TABLE  2 

Properties  of  Plasticized  Resins* 


Properties 

Insulation 

resin 

Tube 

resin 

Ultimate  tensile  strength  (kg/cm^ 

175 

162 

Relative  elongation  at  break  (%) 

352 

380 

Decomposition  temperature  (*0 

210 

218 

Loss  on  heating  for  6  hours  at  160* 
ilo) 

3.5 

2.4 

Brittle  point  (*C) 

-45 

-40 

Volume  resistivity  at  20*  (ohm -cm) 

1.4-10“ 

2.6-10** 

‘The  tests  were  performed  in  accordance  with  the  technical  specifica¬ 
tions  of  the  Ministry  of  the  Chemical  Industry  1535-47  [4Jfor  these  products. 

Found  C  76.18.  76.34;  H  14.24.  14.11;  OH  10.65.  10.77.  Calculated  C  75.87;  H  14.02;  OH  10.76. 

a-Naphthylurethane;  m.p.  47.5*. 

The  constants  exactly  correspond  to  the  constants  reported  earlier  for  2.6-*dimethyl-3-methylolheptane  [3]. 
The  substance  is  a  colorless,  somewhat  viscous  liquid  with  a  faint  peculiar  odor. 

Preparation  of  esters.  The  esters  were  prepared  from  succinic,  adipic,  and  sebacic  acids,  and  phthalic  anhy¬ 
dride.  which  are  the  standard  corresponding  technical  materials.  The  thiodipropionate  ester  was  prepared  from 
the  acid  which  had  the  following  properties:  m.p.  129  “  130*  and  acid  number  628.9  mg  KOH/g. 

A  weighed  quantity  of  one  of  the  above-named  acids  or  of  phthalic  anhydride,  isodecyl  alcohol  in  2QPjo  ex¬ 
cess  over  the  theoretical  quantity,  and  p-toluenesulfonic  acid  catalyst  (27o  on  the  weight  of  acid  or  anhydride 
taken),  were  put  into  a  flask  fitted  with  a  stirrer,  thermometer,  and  a  trap  for  the  water  formed  in  the  reaction. 
The  esterification  was  performed  at  130  —  150*  with  the  distillation  of  the  water  formed  in  the  reaction,  periodic 
samples  of  the  reaction  mass  being  taken  and  their  acid  numbers  determined.  The  reaction  was  terminated  when 
the  acid  number  reached  2  —  2.5  mg  KOH/g. 

The  reaction  mass  was  washed  with  water,  neutralized  with  0.5  N  caustic  soda  solution,  and  washed  with 
water  again  until  the  wash  waters  were  neutral.  The  washed  product  was  dried  under  vacuum,  the  residual  pres- 
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A  B 


Variations  of  volume  resistivity  (1)  and  brit¬ 
tle  point  (2)  of  plasticized  resins  with  the 
diisodecyl  adipate  content: 

A)  volume  resistivity  (ohm  •  cm),  B)  brittle 
point  (‘O,  C)  content  of  ester  (parts  by 
weight). 


sure  being  reduced  to  3  —  4  mm  Hg,  and  excess  isodecyl  al¬ 
cohol  was  distilled  off.  The  temperature  of  the  liquid  was 
gradually  raised  to  180*  during  the  process.  The  ester  yields 
were  92—  95%  on  the  acids  taken. 

The  esters  were  relatively  viscous  odorless  liquids  of 
a  faint  yellow  color.  The  properties  of  the  esters  are  given 
in  Table  1. 

The  graph  shows  the  variations  of  brittle  point  and 
volume  resistivity  of  plasticized  polyvinyl  chloride  with  its 
content  of  diisodecyl  adipate.  The  plasticized  products  were 
prepared  as  follows;  5  weight  parts  of  lead  silicate,  1  weight 
part  of  calcium  stearate,  and  the  amounts  of  diisodecyl  adi¬ 
pate  indicated  along  the  abscissa  axis  were  added  to  100 
weight  parts  of  polyvinyl  chloride.  The  mixes  were  masti¬ 
cated  for  15  —  20  minutes  at  150  —  160*,  The  diagram 
shows  that  a  resin  with  brittle  point  —30*  and  volume  resisti¬ 
vity  3.6  •  10**  ohm  •  cm  can  be  obtained.  On  the  other  hand, 
a  resin  with  brittle  point  —45*  has  volume  resistivity  5.5  •  10** 
ohm  •  cm. 

Table  2  gives  detailed  characteristics  of  plasticized 
resins  made  by  the  usual  industrial  formulations  for  insula¬ 
tion  and  tube  resins,  with  diisodecyl  adipate  as  plasticizer. 


The  properties  of  the  esters,  given  in  Table  1,  suggest  that  these  esters  may  also  be  of  Interest  as  plasticizers. 


SUMMARY 

The  adipate  diester  tested  as  plasticizer  for  polyvinyl  chloride  may  be  used  industrially  in  the  production 
of  resins  for  tubing  and  other  materials. 
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BRIEF  COMMUNICATIONS 


DECOMPOSITION  POTENTIALS  OF  NaCl  IN  THE  FUSED  ELECTROLYTES 
NaCl-CaCl,  AND  NaCl-CaCli  “  BaCl, 

K.  Ya.  Grachev  and  V.  Ya.  Zhuryutina 


The  literature  contains  contradictory  data  on  the  decomposition  potential  of  pure  NaCl*  For  example,  the 
decomposition  potential  of  NaCl  at  800*  is  2.62  “  2.65  v  according  to  Neumann  [1,  2],  2,56  v  according  to  Tver- 
dovskii  [3],  3.18  v  according  to  Molchanov  [4],  3.20  ”3.25  v  according  to  Cambi  and  Devoto  [5],  and  (at  700*) 
3.39  V  according  to  Delimarskii  [6].  The  decomposition  potential  of  NaCl  at  800*.  calculated  from  thermody¬ 
namic  data,  is  3.34  v  according  to  Lyashenko,  and  3.24  v  according  to  Hamer  [8]. 

The  data  of  Neumann,  Tverdovskii,  Molchanov,  and  Cambi  and  Devoto  were  critically  examined  by  Anti¬ 
pin  et  al.  [9],  who  showed  that  Neumann’s  data  must  be  regarded  as  unreliable  because  of  considerable  depolari¬ 
zation,  and  that  Devoto’s  data  are  the  most  accurate. 

In  view  of  the  discrepancies  in  the  values  for  the  decomposition  potential  of  NaCl  at  700 —  SOO*.  and  of 
the  lack  of  such  data  for  lower  temperatures,  we  determined  the  decomposition  potential  of  NaCl  in  NaCl^CaCl* 
and  NaCl“CaCl2”BaCl2  melts  at  temperatures  from  620  to  700*. 

The  experiments  were  performed  in  a  U-shaped  Pyrex  glass  vessel  constricted  at  the  bend,  and  containing 
a  partition  consisting  of  broken  porcelain.  NaCl  and  BaCl2  were  of  the  chemically  pure  grade,  dried  at  250  —  300" 
to  complete  removal  of  adsorbed  water  and  water  of  crystallization.  CaCl2  was  technical,  anhydrous,  conforming 
to  Technical  Specification  2096-50  of  the  Ministry  of  the  Chemical  Industry,  produced  at  the  Stallnogorsk  Chem¬ 
ical  Combine,  and  additionally  remelted  and  dehydrated  by  dry  hydrogen  chloride  gas. 

The  salt  mixture  was  first  melted  in  a  porcelain  beaker  and  treated  with  hydrogen  chloride,  then  poured 
into  the  U-shaped  vessel  and  treated  for  1.5  —  2  hours  with  a  mixture  of  hydrogen  chloride  and  chlorine  to  remove 
traces  of  water  and  to  decompose  metal  oxides. 

The  sodium  electrode  consisted  of  a  thin-walled  Pyrex  test  tube  containing  metallic  sodium  (Fig.  1).  The 
tube  was  first  blown  through  with  argon  or  purified  nitrogen;  metallic  sodium  was  then  placed  in  the  side  tube, 
melted  in  a  burner  flame,  and  carefully  shaken  down  to  the  bottom  of  the  test  mbe  while  oxides  remained  on  the 
side-tube  walls.  The  test  tube  was  closed  by  means  of  a  rubber  bung  containing  a  steel  rod  for  contact  with  the 
sodium. 

The  chlorine  electrode  was  a  graphite  rod  5  —  10  mm  in  diameter,  with  gaseous  chlorine  blown  endways 
over  it.  The  chlorine  rate  was  kept  at  90—  100  bubbles  per  minute. 

New  graphite  rods  and  new  sodium  electrodes  were  used  in  every  experiment. 

The  vessel  is  shown  diagrammatically  in  Fig.  2, 

The  vessel  was  contained  in  a  melt  bath  for  reliable  temperature  control.  The  electrolyte  temperature 
was  measured  by  means  of  a  platinum/platinum  —  rhodium  thermocouple  immersed  in  a  sheath  in  the  bath  near 
the  bend  of  the  vessel,  with  the  junction  at  the  level  of  the  chlorine  and  sodium  electrodes.  The  temperature 
was  measured  to  within  ±2®. 

The  bath  containing  the  vessel  was  placed  in  a  TG-1  crucible  furnace,  the  heating  temperature  of  which 
was  established  and  regulated  by  means  of  the  EPD-17  recording  and  regulating  potentiometer,  with  Kh.  A.  cali¬ 
bration. 
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Fig.  1.  Sodium 
electrode; 

1)  Pyrex  test 
tube,  2)  metal¬ 
lic  sodium,  3) 
steel  rod,  4)  side 
tube,  5)  sodium 
oxides. 


Fig.  2.  Vessel  for  determination  of  cell 
e.m.f.; 

1)  sodium  electrode,  2)  chlorine  electrode, 
3)  thermocouple,  4)  electrolyte,  5)  vessel, 
6)  bath,  7)  partition. 


Fig.  3.  The  e.m.f.  of  the  cell  Na/melt,  Cli/C  at  different  temperatures:  A)  e.m.f. 
(v),  B)  temperature  (*C). 


After  the  melt  had  been  treated  with  HCl  and  Clj,  the  graphite  rod  and  chlorine  inlet  tube  were  immersed 
in  it  to  a  depth  of  2  —  3  mm.  Chlorine  was  supplied  from  a  cylinder,  chlorination  of  the  graphite  being  con¬ 
tinued  for  1.5  —  2  hours.  The  sodium  electrode  was  then  immersed  and  measurements  of  the  cell  e.m.f.  were 
commenced  by  means  of  the  PPTV  high-resistance  potentiometer.  Stable  e.m.f.  was  established  in  1  “  1.5  hours. 

The  cell  e.m.f.  was  measured  at  620  —  700*.  The  electrolytes  were  salt  mixtures  of  the  following  composi¬ 
tions  (wt.'^o);  32NaCl+42CaCl2+26BaClj  and  42NaCl+58CaCl2. 
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In  Fig,  3  the  results  of  e.m.f.  measurements  of  the  cell  with  NaCl—  CaCl{  electrolyte  are  Indicated  by 
points,  and  NaCl“CaClt“  BaCl^  electrolyte  by  crosses. 

It  is  clear  from  Fig.  3  that  the  e.m.f.  (decomposition  potential)  is  a  linear  function  of  temperature,  and 
may  be  represented  by  a  common  equation  for  the  two  electrolytes 

/^=3.43_0.78  •  10->  (<  —  650) 


with  an  error  not  exceeding  ±0,01  v. 

The  value  found  for  the  temperature  coefficient  of  e.m.f.  is  0,78  ^lO"*  v/degree,  which  Is  in  good  agree¬ 
ment  with  Lyashenko’s  value  [7]  of  0.795 -lO"*  v/degree  for  the  temperature  range  from  98  to  800*. 
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REDUCTION  OF  POTASSIUM  SULFATE  BY  METHANE 


S.  V.  Kushnir 


The  reduction  of  potassium  sulfate  is  becoming  a  problem  of  practical  interest  in  connection  with  the 
development  of  new  methods  for  the  dry  conversion  of  langbeinite  and  kainite  “  langbelnite  deposits  of  the 
Carpathian  region  into  concentrated  potash  fertilizers.  A  dry  process  for  the  conversion  of  langbeinite  (KjSO^* 
2MgSO^)  into  potassium  sulfate  by  gaseous  reduction  with  natural  gas  (Dashava  methane)  is  being  developed  in 
our  laboratory  [1], 

A  method  has  been  developed*  for  hydrothermal  conversion  of  kainite  —  langbeinite  deposits  into  glase- 
rite  with  the  use  of  natural  gas  as  fuel  [2],  In  either  case  it  is  very  important  to  have  data  on  the  behavior  of 
K2SO4  at  high  temperatures  in  a  methane  atmosphere  (or  in  presence  of  methane).  However,  no  data  are  avail¬ 
able  at  all  in  the  literature  on  the  reduction  of  K2SO4  by  methane.  The  present  investigation  was  performed  in 
order  to  obtain  such  data. 

In  our  experiments  we  used  fine-grained  K2SO4  of  chemically  pure  grade,  with  0.3  “  0.6  mm  grains,  and 
natural  methane  (from  Dasluva)  of  the  following  composition  {°Jo)i  CH4  97.83,  C2H  0,44,  QHj  0.18,  C4H10  0.05, 
C5H12  and  higher  0.11,  N2  1.1 

The  apparatus  and  methods  were  similar  to  those  used  in  studies  of  the  reduction  of  MgS04  by  methane  [1], 

A  weighed  sample  of  K2SO4  (1  —  2  g)  in  a  porcelain  boat  was  put  into  the  quartz  tube  of  an  electric  furnace  heat¬ 
ed  to  the  required  temperature,  and  reduced  in  a  current  of  purified  and  dried  methane.  The  methane  rate  was 
measured  by  means  of  a  capillary  flow  meter,  and  the  temperature  of  the  furnace  by  a  platinum/platinum — 
rhodium  thermocouple. 

It  was  found  in  preliminary  experiments  that  the  reduction  products  of  K2SO4  consist  of  potassium  sulfide 
and  polysulfides;  K2SO3,  K2S2C)3  and  K2CO3  in  the  solid  residue;  CO2,  CO,  H2S  and  traces  of  COS  in  the  gas  phase. 

The  H2S  content  of  the  gas  was  determined  iodometrically,  COS  by  the  combustion  method  [3],  and  CO2 
and  CO  by  the  usual  methods  of  gas  analysis.  The  solid  residue  was  dissolved  in  water  and  analyzed  by  Budnikov's 
method  (somewhat  modified)  for  the  product  of  reduction  of  Na2S04  by  carbon  [4],  The  analytical  results  were 
expressed  in  percentage  of  total  sulfur  of  the  converted  sulfate  for  each  product. 

The  reaction  between  potassium  sulfate  and  methane  commences  at  800±10*.  This  was  established  by 
means  of  a  series  of  experiments  at  progressively  higher  temperatures.  In  each  experiment  methane  was  passed 
for  10—  15  minutes  over  K2SO4  in  a  porcelain  boat,  and  the  residue  was  tested  for  the  S*  ion. 

The  effect  of  temperature  on  the  reaction  rate  was  studied  in  a  series  of  reduction  experiments  with  equal 
weights  of  K2SO4  (1.13  g),  equal  gas  rates  (15  ml/minute),  and  equal  exposure  times  of  the  salt  in  the  reaction 
zone  (10  minutes).  The  total  amount  of  methane  passed  was  sufficient  for  complete  reduction  of  sulfate  to  sul¬ 
fide.  The  reduction  rate  was  estimated  from  the  weight  loss  of  the  sulfate  samples.  The  results  of  these  experi¬ 
ments  are  given  in  Table  1. 

These  results  show  that  reduction  of  K2SO4  by  methane  proceeds  at  an  appreciable  rate  only  at  t>820*. 
However,  even  at  900*  the  reduction  rate  is  not  high;  the  degree  of  reduction  reached  in  10  minutes  is  only  about 

•  100  207o.*  • 

36.8 


•  In  the  Institute  of  General  and  Inorganic  Chemistry,  Academy  of  Sciences,  Ukrainian  SSR. 

*  *  Here  36.8*70  represents  the  weight  loss  in  complete  K2S04-^K2S  conversion. 
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TABLE  1 

Effect  of  Temperature  on  the  Reaction  Rate 


Temperature 

(•c) 

Weight  loss 

Color  and  nature  of  residue 

800 

0.04 

White,  crystalline 

820 

0,32 

Pale  yellow,  crystalline 

• 

Yellow,  crystalline,  sintering 

840 

2.2 

commenced 

860 

3.5 

Yellow,  sintered 

900 

6.8 

Yellow-orange,  fused 

TABLE  2 

Effect  of  Reduction  Time  on  the  Reaction  Rate 


Time 

(min) 

Weight  loss 

00) 

Reaction  rate  (nature  of  residue) 

10 

2.2 

Start  of  sintering 

20 

6,5 

Much  sintering 

30 

7,1 

Fused 

40 

7.6 

Fused 

TABLE  3 

Effect  of  Temperature  on  Reduction  of  KjSO^  by  Methane 


Expt. 

No. 

Temper¬ 
ature  (‘c  ) 

CH4 

K2SO4 

Degree 
of  reduc¬ 
tion  0o) 

Distribution  of  reduced  sulfur  0o) 

KjCOs 
K2SO4  red. 
(molar  %) 

CO; 

CO 

K2SO3 

(+K2S2QJ) 

H2S  + 

+  COS 

KiS 

Sn-i 

E 

1 

820 

1:1 

12,5 

30,8 

31.3 

62.1 

28.6 

9.3 

19.2 

2.6 

2 

820 

1.5: 1  ♦ 

22.0 

36.3 

33.7 

70.0 

23.2 

6.8 

20.9 

2.5 

3 

860 

1:1 

29.0 

51*0 

24.0 

75.0 

20.1 

4.9 

11.4 

3.7 

4 

860 

1:1 

32.7 

49.5 

27.0 

76.5 

19.3 

4.2 

11.0 

3.2 

5 

900 

1:1 

41.0 

54,4 

23.6 

78.0 

17.7 

4.3 

11.4 

4.2 

6 

900 

1:1 

43.2 

51.5 

25.2 

76.7 

18.0 

5.3 

9.4 

4.6 

•  Duration  of  experiment  30  minutes. 


The  data  in  Table  1  show  that  the  residue  sinters  at  840*  c,  and  melts  rapidly  above  this  temperature. 
However,  as  the  eutectic  temperature  of  the  system  K2S04“K2S  is  only  600*  [5],  fusion  of  the  product  could  not 
be  avoided  even  by  reduction  at  800*.  Therefore  reduction  of  K2SO4  by  methane  must  always  be  accompanied 
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by  fusion  of  the  residue.  It  is  quite  obvious  that  the  reaction  rate  must  fall  sharply  at  the  Instant  of  fusion,  as 
the  reaction  can  then  proceed  only  at  the  surface  of  the  melt. 

Several  experiments  were  performed  at  840*  with  different  reduction  times  (Table  2);  the  results  confirm 
that  the  reaction  rate  drops  sharply  20  minutes  after  the  start,  when  the  residue  begins  to  melt. 

A  series  of  experiments  with  complete  analysis  of  the  reaction  products  was  carried  out  in  order  to  deter¬ 
mine  the  quantitative  proportions  of  the  products  and  their  variations  with  temperature.  The  experimental  con¬ 
ditions  were:  weight  of  KjSO^  2  g,  methane  rate  15  ml/minute,  total  time  20  minutes  (then  CH4:  K|S04  =  1 : 1). 
The  results  of  these  experiments  are  given  in  Table  3,* 

The  results  indicate  that  the  main  products  of  the  reduction  of  K1SO4  by  methane  are  potassium  sulfide  and 
polysulfides.  Simple  calculation  shows  that  at  820*the  average  value  of  £  Is  about  2.  The  value  of  11  decreases 
with  rise  of  temperature,  and  is  about  1.4  at  900*.  It  follows  that  at  low  temperatures  mainly  potassium  disulfide 
is  formed;  its  yield  diminishes  with  rise  of  temperamre,  and  the  monosulfide  becomes  the  principal  reaction  pro¬ 
duct.  The  color  of  the  residue  (which  changes  from  pale  yellow  to  dark  brown)  suggests  that  it  also  contains  some 
higher  polysulfides  [G]. 

Quite  appreciable  amounts  of  potassium  sulfite  and  carbonate  are  also  formed;  their  yields  slowly  decrease 
with  rise  of  temperature.  The  yield  of  volatile  sulfur  compounds  (HjS,  COS)  Is  low.  The  main  oxidation  product 
of  methane  was  carbon  dioxide  in  all  experiments. 

In  Experiment  2  (at  the  same  temperamre  and  gas  rate)  the  amount  of  methane  passed  was  only  li  times 
as  much  as  in  Experiment  1,  but  the  degree  of  reduction  was  almost  doubled.  This  is  possible  due  to  the  auto- 
catalytic  nature  of  the  process,  as  in  the  reduction  of  NajSO^  by  carbon  [4]. 

These  results  show  that  in  processes  of  high-temperamre  conversion  of  potassium  minerals  of  the  sulfate 
and  chloride  —  sulfate  type  with  the  use  of  methane  at  temperatures  above  800*  there  Is  always  the  possibility  of 
more  or  less  intensive  reduction  of  potassium  sulfate. 
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*  In  the  case  of  KjCO^  the  molar  yield  on  the  converted  K2SO4  is  given  in  Table  3. 
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PROCESSES  LEADING  TO  GENERATION  OF  DROPLETS  IN  THE  RUPTURE 
OF  BUBBLES  AT  LIQUID  “  GAS  INTERFACES 

V.  G.  Gleini,  I.  K.  Shelomov  and  B.  R.  Shidlovskii 
Chair  of  Chemistry,  The  Rostov-on-Don  Institute  of  Railroad  Engineers 


In  studies  of  the  effects  at  interphase  boundaries  during  bubbling  and  boiling,  which  determine  the  rational 
regime,  of  such  processes  [1  —  4]  it  is  naturally  necessary  to  consider  the  geometry  of  the  bubbles  in  relation  to 
their  stability  at  the  interface  and  to  generation  of  moisture  in  their  rupture. 

Photographs  show  that  bubbles  consist  of  pairs  of  segments  with  a  common  circular  base  (Fig.  1).  Careful 
measurements  of  air  bubbles  (from  photographs)  show  that  the  upper  segment  is  approximately  a  hemisphere.  It 
seems  that  the  thinner  the  film  of  the  upper  segment,  the  nearer  it  is  to  a  hemisphere. 

The  conditions  for  detachment  of  droplets  from  the  liquid  surface  are  determined  only  by  the  pressure  dis¬ 
tribution  in  the  lower  segment.  Equilibrium  of  the  two  segments,  with  the  weight  of  the  upper  segment  film  ig¬ 
nored,  is  represented  by  the  equation 


X 


(1) 


where  p  is  the  radius  of  curvature  of  the  lower  segment;  r_  is  the  radius  of  an  equivalent  hemisphere;  o  is  the  sur¬ 
face  tension;  x  is  a  subscript  indicating  projection  onto  the  corresponding  axis. 

It  follows  from  Equation  (1)  that  the  lower  segment  can  be  replaced  by  a  hemisphere  of  radius  r,  equivalent 
to  it  in  pressure  distribution. 

The  pressure  which  detaches  the  drop  from  the  liquid  surface  is  normal  to  that  surface  and,  by  Equation  (1) 
is 


^norm= 


(2) 


Clearly,  for  every  element  of  mass  to  be  detached, the  normal  component  of  the  pressure  must  exceed  a 
certain  critical  value  determined  by  the  forces  of  intermolecular  cohesion  in  the  liquid.  However,  is  a 
function  of  the  hemisphere  radius,  and  therefore  at  a  certain  value  of  this  radius  (r^^  the  drop  cannot  become 
detached.  The  existence  of  such  a  radius  has  been  demonstrated  experimentally  [2,  5]. 

Evidently  all  the  surface  energy  of  any  point  which  conforms  to  the  condition 


(3) 


is  expended  in  overcoming  the  forces  of  internal  friction  and  gravity,  and  is  converted  into  heat  at  the  instant 
when  the  bubble  bursts. 
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Fig.  1.  Photographs  of  air  bubbles  of  different  diameters  (in  glycerol): 
R(in  cm):  a)  0.6.  b)  0.5.  c)  0.29,  d)  0.19 


At  the  points  in  the  surface  at  which 


(4) 


there  is  a  certain  excess  of  energy,  which  is  expended  to  detach  the  drop  and  to  impart  kinetic  energy  to  it.  The 
kinetic  energy  of  the  drop  must  be  proportional  to  the  energy  of  the  surface  under  a  pressure  exceeding  the  criti¬ 
cal  value. 


The  boundary  of  the  detaching  surface  must  be  the  geometrical  situation  of  the  points  conforming  to  the 
condition 


MJi  43 

'‘cr 


(5) 


It  follows  from  Fig.  2  that 


(6) 


where  x^r  the  abscissa  of  the  boundary  point. 
From  Equations  (5)  and  (6)  we  have 


Then 


iS'  =  2i:r  (r  —  ^cr  h 


where  S  is  the  surface  ejecting  the  drops. 
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Rearrangement  gives 


=  -r). 


(7) 


The  condition  of  proportionality  between  the  energy  of  the  drop  and  the  energy  of  the  surface  S  is  expressed 
In  the  form 


mgh  =  K  So, 


(8) 


where  ni  Is  the  mass  of  the  drop  and  h  is  the  height  of  its  ascent.  Stated  otherwise, 


2nr^ 

=  -r)a. 


(9) 


The  coefficient  K  Indicates  the  relationship  between  the  kinetic  energy  of  the  drop  and  the  energy  expend¬ 
ed  when  It  Is  detached.  This  coefficient  may  serve  as  a  relative  measure  of  the  energetic  advantage  of  drop 
generation  in  a  particular  solution. 


Comparison  of  Experimental  and  Calculated  Data 


Solution 

(cm) 

m-lO* 

(g) 

h 

(cm) 

mg\  ■  1 0* 

(ergs) 

So 

(ergs) 

K  10* 

tfcr-io^ 

0.105 

2.5 

17.8 

4.36 

3.52 

1.240 

Na«S04 

0.1  N 

0.124 

4.0 

13.5 

5.30 

4.51 

1.172 

0.234 

11.2 

9.5 

10.45 

8.35 

1.250 

1.24 

0.340 

22.3 

0.9 

1.96 

1.52 

1.290 

0.350 

— 

0 

0 

0 

— 

0.105 

2.5 

17.6 

4.32 

3.52 

1.230 

NaCl 

0.1  N 

0.124 

4.0 

13.5 

5.30 

4.51 

1.175 

0.234 

10.3 

9.7 

10.51 

8.35 

1.260 

1.23 

0.340 

24.1 

0.8 

1.89 

1.52 

1.245 

, 

0.350 

— 

0 

0 

0 

— 

0.105 

2.6 

17.0 

4.38 

3.52 

1.245 

0.124 

3.9 

14.5 

5.60 

4.51 

1.241 

H*0 

0.234 

9.8 

9.5 

9.15 

8.35 

1.100 

1.22 

0.340 

25.0 

0.8 

1.96 

1.52 

1.290 

, 

0.350 

— 

0 

0 

0 

— 

0.105 

2.1 

16.4 

3.38 

3.52 

0.960 

NaOH 

0.124 

3.3 

13.5 

4.36 

4.51 

0.967 

0.1  N 

0.234 

8.5 

9.5 

7.91 

8.35 

0.950 

0.96 

0.340 

21.0 

0.7 

1.44 

1.52 

0.951 

0.350 

— 

0 

0 

0 

— 

0.105 

2.0 

17.2 

3.38 

3.52 

0.960 

NagCOi 
0.1  N 

0.124 

0.234 

3.1 

8.4 

14.0 

9.5 

4.25 

7.84 

4.51 

8.35 

0.943 

0.940 

0.95 

0.340 

20.9 

0.7 

1.44 

1.52 

0.940 

0.350 

0 

0 

0 

.  - 
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EXPERIMENTAL 


Fig.  2,  Force  distribution  in  a 
hemisphere  equivalent  to  the 
lower  segment  of  an  air  bubble 
(explanation  in  text). 


To  test  the  foregoing  theoretical  considerations,  experiments  were 
performed  on  determinations  of  the  weight  of  drops  and  the  height  of  their 
ascent  in  relation  to  bubble  radius. 

The  experimental  technique  is  described  in  an  earlier  paper  [2], 

The  results  are  summarized  in  the  table  and  are  compared  with  re¬ 
sults  calculated  from  Formula  (9).  The  value  of  r^j  was  taken  to  be  0.35 
cm,  which  Is  the  mean  of  many  experimental  determinations. 


It  follows  from  the  results  that  Equation  (9)  accurately  reflects  varia¬ 
tions  of  kinetic  energy  as  a  function  of  bubble  diameter,  while  the  coef¬ 
ficient  K  for  each  solution  remains  constant,  within  the  limits  of  experi¬ 
mental  error,  over  the  whole  range  of  radius  variations. 

The  solutions  studied  fall  into  two  groups  according  to  the  average  value  of  the  coefficient;  the  group  of 
neutral  salts  and  water  (Kav“^*23).  and  the  group  of  alkaline  solutions  (K^y“0.95). 


A 


Fig.  3.  Curves  showing  variations  of 
the  kinetic  energy  of  drops  with  bubble 
radius: 

A)  kinetic  energy  of  drops,  B)  radius  of 
bubble  base  (cm);  points:  1)  experi¬ 
mental,  2)  theoretical;  solutions:  I) 
neutral,  II)  alkaline. 


A 


Fig.  4.  Plot  of  the  height  of  drcp  ascent 
as  a  function  of  radius: 

A)  height  of  drop  ascent  (cm),  B)  radius 
of  bubble  base  (cm). 


It  follows  that  drop  generation  by  the  evaporation  surface  is  less  advantageous  from  the  energy  standpoint 
in  alkaline  than  in  neutral  media. 

It  follows  from  the  same  equation  that  the  kinetic  energy  of  the  drop  is  at  a  maximum  when  r  =  2/3  r^.^. 
When  r  =  2/3  r^^  the  function  mgh  =  f  (r)  has  an  inflection  when  the  sign  of  the  curvature  changes  from  plus  to 
minus.  Fig.  3  shows  variations  of  the  kinetic  energy  of  the  drops  with  the  bubble  radius  for  both  groups  of  solu¬ 
tions.  The  values  of  kinetic  energy  were  calculated  from  experimental  data  (ni  and  h^  and  also  found  from 
Equation  (9).  Fig.  3  shows  that  these  results  completely  coincide. 

Fig.  4  shows  how  the  height  of  drop  ascent  decreases  with  increase  of  bubble  radius. 

The  value  of  h  can  be  approximately  represented  by  the  equation 


h  —  A  {rQi  —  '■)» 


(10) 
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where  A  is  a  constant.  Then  it  follows  from  Equations  (9)  and  (10) 
that 


m  =  B  •  r^, 


where  B  Is  a  constant. 


Fig.  5,  Variation  of  the  mass 
of  drops  formed  with  the  radius 
of  the  bursting  bubble: 

A)  drop  mass,  B)  radius  of  bub¬ 
ble  base  (cm). 


This  rectified  equation  is  represented  by  the  straight  line  in  Fig,  5, 
which  also  shows  experimental  values  for  the  mass  of  drops  generated 
by  bursting  bubbles  of  different  diameters. 

The  agreement  between  the  theoretical  and  experimental  values 
is  quite  satisfactory, 

SUMMARY 

1,  A  bubble  at  a  liquid  “  gas  interface  consists  of  two  segments. 

If  the  film  is  thin,  the  upper  segment  can  be  approximately  regarded 
as  a  hemisphere. 

2,  Generation  of  droplets  from  a  liquid  surface  can  occur  only 
until  the  bubble  radius  reaches  a  certain  critical  value. 

3,  Experimental  data  on  the  kinetic  energy  of  a  generated  drop, 
its  mass,  and  height  of  ascent  as  functions  of  the  bubble  radius  can  be 
interpreted  theoretically. 


4.  Under  equal  conditions,  drop  generation  is  energetically  less  advantageous  in  alkaline  than  in  neutral 


media. 
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SOLUBILITY  OF  PEAT  HUMIC  ACIDS 


S.  E.  Biirkat 


The  question  of  the  solubility  of  humic  acids,  apart  from  the  theoretical  interest,  is  of  great  practical 
importance,  as  the  isolation  of  these  acids  from  peat  and  studies  of  their  composition,  properties,  and  structure 
are  all  associated  with  their  behavior  toward  various  solvents.  The  solubility  of  humic  acids  in  caustic  and  car¬ 
bonate  alkalies  and  ammonia  is  well  known  [1  “3],  Their  behavior  with  organic  solvents  has  been  studied  much 
less  [4  -  7]. 

This  paper  contains  data  on  the  solubility  of  peat  humic  acids  in  acetone  ”  water  and  alcohol  *“  water 
mixtures. 


EXPERIMENTAL 

A  preparation  of  humic  acids  obtained  from  lowland  peat  by  the  usual  alkaline  method  [8]  was  used  for 
the  investigation.  The  preparation  was  not  treated  in  order  to  isolate  the  so-called  hymatomelanic  acids,  solu¬ 
ble  in  ethyl  alcohol.  The  humic  acids  taken  for  the  investigation  had  the  following  characteristics:  moisture 
content  8. 23*70,  ash  O.8*7o;  amount  of  KOH  combined  with  1  g  of  acids  in  the  reaction  with  alcoholic  alkali  solu¬ 
tion,  by  the  Fuchs  method  [9],  6  meq. 

For  the  solubility  determinations  50  ml  of  solvent  was  added  to  a  weighed  quantity  (1  g)  of  the  finely 
ground  preparation  in  a  bottle  with  a  ground-glass  stopper,  and  the  mixture  was  kept  for  24  hours  at  room  tem¬ 
perature  with  frequent  shaking.  The  amount  of  acids  dissolved  was  found  from  the  weight  of  dry  residue  obtained 
after  evaporation  of  a  known  volume  of  solution. 

The  behavior  of  the  preparation  with  pure  organic  solvents  and  with  water  was  first  studied.  The  experi¬ 
ments  showed  that  humic  acids  are  insoluble  in  ligroine,  gasoline,  chloroform,  carbon  tetrachloride,  isobutyl  al¬ 
cohol,  ethyl  ether,  benzene,  toluene,  and  m-xylene.  The  solubility  of  humic  acids  was  27.2*70  in  methyl  alco¬ 
hol,  21*7o  in  ethyl  alcohol,  19*7o  in  acetone,  and  1.9*7o  in  distilled  water.  The  organic  solvents  used  in  these  ex¬ 
periments  conformed  to  the  purity  specifications  of  the  State  Pharmacopeia  or  the  All-Union  Standards. 

The  same  procedure  was  then  used  in  determinations  of  the  solubility  of  humic  acids  in  aqueous  mixtures 
of  acetone,  methyl  alcohol,  and  ethyl  alcohol,  with  different  contents  of  the  organic  solvents,  namely:  20,  40. 
60,  and  80  vol.*yo.  The  results  of  these  experiments  are  given  in  Table  1.  The  solubilities  are  expressed  as  per¬ 
centages  of  the  weight  taken.  The  surface  tensions  of  the  aqueous  alcohol  and  acetone  mixtures  at  20®  are  also 
given. 

It  follows  from  Table  1  that  the  solubility  of  humic  acids  in  aqueous  mixtures  of  alcohols  and  acetone  in¬ 
creases  with  the  contents  of  organic  solvents  in  the  mixtures.  Compared  with  the  pure  solvents,  60*7o  mixtures 
of  ethyl  alcohol  and  acetone  with  water  have  considerably  higher  solvent  power.  The  almost  complete  solubility 
of  humic  acids  in  60*70  aqueous  acetone  is  especially  noteworthy. 

Comparison  of  the  surface  tensions  of  aqueous  alcohols  and  acetone  with  their  solvent  effects  on  humic 
acids  shows  (Table  1)  that  mixtures  with  the  lowest  surface  tension  have  the  highest  solvent  power.  This  suggests 
that  the  solvent  action  of  alcohols  and  acetone  in  mixtures  with  water  is  associated  with  their  surface  activity 
[10]. 
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TABLE  1 


Results  of  Determinations  of  the  Solubility  of  Humic  Acids  in  Aqueous  Acettme  and  Aqueous  Alcohols 


Content  of  organic 
solvent  in  aqueous 
mixture  (vol.*7o) 

Methyl  alcohol 

Ethyl  alcohol 

Acetone 

Solubility  of 
acids  (*7o) 

Surface  tension 
( dynes,  cm-^) 

Solubility  of 
acids  (*70) 

Surface  tension 
(dynes*  cm“^) 

Solubility  of 
acids  (*7o) 

Surface  tension 
(dynes ‘cm"^) 

20 

3.4 

49.20 

7.4 

41.60 

5,6 

44.01 

40 

4.2 

39.00 

9.9 

31.90 

37.3 

35.72 

60 

9.8 

33.00 

37.3 

28.10 

98.2 

32.40 

80 

24.9 

29.30 

39.6 

25.70 

98.3 

27.16 

TABLE  2 

Analytical  Data  for  Different  Humic  Acid  Preparations 


Humic  acid 
preparation 

Contents  (‘7o) 

Amount  of 
KOH  (meq) 

moisture 

ash 

carbon 

1 

8.25 

0.80 

59.26 

6.00 

2 

6.90 

0.72 

61.00 

6.67 

1 

3 

4.65 

0.21 

62.30 

6.97 

Humic  acids  dissolve  slowly  in  60*70  aqueous  acetone  at  room  temperature;  the  particles  swell,  forming  a 
resinous  mass  which  gradually  passes  into  solution.  Similar  effects  are  observed,  to  a  lesser  extent,  in  the  ac¬ 
tion  of  aqueous  ethyl  alcohol. 

Experiments  showed  that  the  solubility  of  humic  acids  in  ethyl  alcohol  and  its  mixtures  with  water  in¬ 
creases  considerably  with  temperature*  About  80*70  of  the  acid  sample  taken  dissolves  in  boiling  60*7©  alcohol 
(with  1  g  acids  to  50  ml  solvent). 

l*7o  solutions  of  humic  acids  in  60*7o  aqueous  solutions  of  acetone  and  ethyl  alcohol  are  dark  liquids,  red¬ 
dish-brown  in  color  and  transparent  in  thin  layers,  with  a  distant  acid  reaction  to  litmus.  Removal  of  the  organic 
solvents  from  the  solutions  by  evaporation  leaves  turbid  aqueous  suspensions  of  humic  acids,  brown  in  color  and 
with  a  scarcely  perceptible  acid  reaction. 

The  fact  that  acetone  •"  water  and  alcohol  “*  water  solutions  of  humic  acids,  in  contrast  to  aqueous  sus¬ 
pensions.  have  a  distinct  acid  reaction,  suggests  that  when  humic  acids  dissolve  they  form  solvated  groups  with 
acetone  and  ethyl  alcohol,  which  tend  to  dissociate  and  split  off  hydrogen  ions  [11  —  12]. 

The  aqueous  suspension  of  humic  acids  passes  through  a  paper  filter  without  visible  change,  and  becomes 
clear  again  on  addition  of  organic  solvent.  If  the  aqueous  suspension  is  concentrated  by  evaporation  on  a  boil¬ 
ing  water  bath,  a  dark  brown  resinous  film  is  formed  on  the  surface,  while  the  suspension  under  it  retains  its 
brown  color.  This  indicates  that  humic  acids  can  be  oxidized  not  only  in  alkaline  solutions  [13]  but  also  under 
other  conditions. 

Humic  acids,  isolated  from  aqueous  acetone  or  aqueous  alcohol  solutions  and  dried,  consist  of  shiny  dark 
brown  flakes  which  are  easily  ground  to  a  brown  powder.  The  solubility  in  the  above-named  solvents  decreases 
considerably  after  exposure  to  air,  sunlight,  or  heat. 

On  the  basis  of  the  modern  view  that  humic  acids  are  mixtures  of  large  numbers  of  organic  compounds  — 
polycyclic  hydroxycarboxylic  acids  [14]  —  it  seemed  likely  that  different  fractions  of  such  mixtures  may  be  dis¬ 
solved.  It  was  therefore  of  interest  to  compare  the  characteristics  of  the  original  humic  acids  (Preparation  1) 
with  those  isolated  from  aqueous  acetone  (Preparation  2)  and  aqueous  alcohol  (Preparation  3)  solutions. 
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Experiments  showed  that  the  humic  acid  preparations  are  similar  in  external  appearance,  are  completely 
soluble  in  excess  aqueous  alkali,  and  give  precipitates  with  salts  of  alkaline-earth  and  heavy  metals;  this,  of 
course,  is  the  principal  characteristic  of  humic  acids.  The  different  humic  acid  preparations  were  also  com¬ 
pared  by  their  carbon  contents  determined  by  Tyurin's  method  [15],  and  by  the  amounts  of  KOH  combined  with 
1  g  of  the  acids  in  the  Fuchs  reaction  with  alcoholic  alkali. 

The  results  of  these  experiments  are  given  in  Table  2, 

It  follows  from  Table  2  that  humic  acids  isolated  from  aqueous  acetone  (Preparation  2)  are  similar  to  the 
original  acids  (Preparation  1)  in  carbon  content  and  amount  of  combined  alkali.  Preparation  3,  isolated  from 
aqueous  alcohol,  shows  somewhat  greater  differences  from  the  original  humic  acids.  However,  even  these  dif¬ 
ferences  are  not  very  large.  The  chemical  equivalent  of  the  humic  acids  before  and  after  solution,  calculated 
from  the  KOH  data,  varies  from  140  to  166,  in  agreement  with  literature  data  [16]. 

The  almost  complete  solubility  of  humic  acids  in  60^  aqueous  acetone  at  room  temperature,  their  high 
solubility  in  boiling  60^o  aqueous  ethyl  alcohol,  and  the  above  comparative  data  for  the  different  preparations, 
all  lead  to  the  conclusion  that  humic  acids  behave  as  a  single  entity  toward  these  solvents.  Even  if  peat  humic 
acids  comprise  a  mixture  of  compounds,  these  compounds  are  evidently  very  similar  in  chemical  nature  and 
have  a  common  form  of  structure.  This  conclusion  is  consistent  with  the  results  of  other  investigations  [17]. 

SUMMARY 

The  solubility  of  peat  humic  acids  was  studied  and  it  was  found  that  they  are  completely  soluble  in  60 
and  80*7o  aqueous  acetone  solutions  at  room  temperature,  and  somewhat  less  soluble  in  boiling  60^o  aqueous  ethyl 
alcohol.  Aqueous  methyl  alcohol  had  the  lowest  solvent  power. 

Tliese  solvents  ”*  mixtures  of  acetone  or  ethyl  alcohol  with  water  —  may  prove  useful  for  Isolation  of  humic 
acids  from  peat  and  for  studies  of  their  physicochemical  characteristics. 
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SIMULTANEOUS  CONDENSATION  OF  SUBSTITUTED  ORT  HO  S  IL I C  A  T  E  ESTERS  AND 
AN  ORTHOSILICATE  ESTER  WITH  A  POLYESTER 

V.  B.  Losev 


The  polyester  formed  from  glycerol  and  adipic  acid  taken  in  2:1  molar  ratio  is  a  compound  of  high  mole¬ 
cular  weight  containing  hydroxyl  groups  in  the  molecule. 

These  hydroxyl  groups  can  interact  with  the  functional  groups  of  organosilicon  compounds  [1].  On  the  ba¬ 
sis  of  these  considerations,  we  used  glycerol  “  adipic  acid  polyester  as  the  original  organic  polymer,  and  alkyl 
(aryl)-,  di(tri)ethoxysilanes  and  an  orthosilicate  ester  as  the  organosilicon  compounds. 

EXPERIMENTAL 

The  polyester  was  prepared  in  a  five-necked  flask  fitted  with  a  stirrer,  thermometer,  dropping  funnel,  in¬ 
let  tube  for  carbon  dioxide  and  a  reflux  condenser  for  removal  of  water  liberated  in  condensation  or  of  alcohol 
liberated  in  esterification. 

A  mixture  of  adipic  acid  (analytical  grade,  Technical  Specification  No, 26 18-51)  and  glycerol  (GOST 
6259-52),  the  latter  being  in  excess,  was  heated  in  the  flask  at  200  i  2*  in  a  continuous  stream  of  carbon  di¬ 
oxide.  The  water  formed  in  the  process  was  continuously  removed  from  the  reaction  zone.  The  reaction  pro¬ 
ceeded  at  a  high  rate  at  first,  but  the  rate  gradually  diminished.  The  acid  number  was  determined  every  30 
minutes;  it  was  initially  340,  and  fell  to  below  10  at  the  end  of  the  reaction  (see  diagram). 

The  reaction  of  polyester  formation  can  be  schematically  represented  as  follows; 
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The  group  of  atoms  in  the  square  brackets  is  the  stmctural  unit  of  the  polyester  (n®D  =  1.4865,  d*®4  = 
1.2633) [2]. 

When  the  acid  number  fell  below  10,  phenyltriethoxysilane,  or  a  mixture  of  phenyltriethoxysilane  with 
diethyldiethoxysilane  or  with  tetraethoxysilane,  was  added  (Table  1). 

When  these  substances  or  mixtures  were  added,  the  reaction  temperature  fell  from  200  to  165*.  Fur¬ 
ther  heating  for  15-20  minutes  at  200*  was  then  necessary  to  complete  the  reaction  [3].  The  end  of  the  reaction 
was  indicated  by  gelation.  The  reaction  mass  frothed  strongly  and  the  resin  adhered  to  the  stirrer.  When  cooled, 
the  contents  of  the  flask  consisted  of  a  transparent  brittle  resin  of  a  pale  yellow  color. 

For  lacquer  preparation,  the  resins  were  dissolved  in  ethyl  Cellosolve.  The  lacquers  were  applied  onto 
brass  plates  and  glass  test  tubes.  They  had  good  adhesion  to  these  materials.  The  coated  glass  test  tubes  were 
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A 


Decrease  of  the  acid  number  of  the  poly¬ 
ester  with  time  at  200% 

A)  acid  number,  B)  time  (minutes). 


tested  for  water  resistance  by  immersion  in  a  vessel  containing 
water  at  room  temperature.  The  lacquered  test  tubes  showed  no 
visible  changes  after  9  days;  the  weights  of  the  tubes  when  dried 
with  filter  paper  were  unchanged.  The  lacquer  films  on  brass 
plates  did  not  show  any  visible  changes  after  several  hours  in 
a  thermostat  at  200*;  they  remained  transparent  and  elastic 
(Table  2). 

The  polyester  and  the  products  of  combined  condensation 
were  analyzed  by  the  usual  methods:  silicon  was  determined  by 
saponification  of  a  sample  with  hydrochloric  acid  and  subsequent 
oxidation  of  the  saponification  products  by  nitric  acid,  and  the 
acid  number  was  found  by  titration  of  a  sample  in  alcohol  with 
0.1  N  KOH  in  presence  of  phenolphthalein  (Table  3). 


T A  BLE  1 

Amounts  of  Starting  Materials  (in  moles) 


Substance 

Variant 

1 

11 

HI 

Glycerol 

0.4 

0.8 

0.4 

Adipic  acid 

0.2 

0.4 

0.2 

Phenyltriethoxysilane 

0.2 

045 

0.15 

Diethyldiethoxysilane 

— 

0,18 

— 

Tetraethoxysilane 

— 

0.06 

TABLE  2 

Elasticity  Changes  of  Lacquer  Films  During 
Drying  at  200* 


Characteristics 

Variant 

1 

11 

UI 

Drying  time  of 
lacquer  film,  im¬ 
print  method 
(minutes) 

20 

i 

15 

20 

Heat  resistance  of 
lacquer  film,  3 
mm  bend  test  on 

the  NllLK  scale 
(hours) 

18 

200 

120 

Note:  NIILK  =  Scientific  Research  Institute 
of  Lacquers  and  Paints.  (Publisher's  note). 


The  analytical  results  suggest  that  the  twofold 
decrease  of  acid  numbers  and  silicon  contents  of  the 
products  of  simultaneous  condensation,  as  compared 
with  the  acid  number  of  the  original  polyester  and 
the  silicon  contents  of  the  ethoxysilanes,  is  the  re¬ 
sult  of  interaction  of  the  polyester  with  phenyltri- 
ethoxysilane,  diethyldiethoxysilane,  and  ethyl  ortho¬ 
silicate.  This  interaction  probably  occurs  in  accordance  with  the  following  scheme: 
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o  o 


_(',lIa_(’,H~OHa— O— 0— (OHa)4— 0-0— OHa— OH— CHo— O— J— H 
h  4C2H5OH. 
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TABLE  3 

Analyses  of  Starting  Materials  and  Final  Products  in  Simultaneous  Condensation 


Satnpld 
No. 


Substance 


Si  content  (1o)  Ucid  number  (ml  KOH/g) 


HI 


Phenyltriethoxysilane 
Dietnyldiethoxysilane 
Tetraethoxysi  lane 
Polyester 

Product  of  simultaneous  con¬ 
densation  of  1  and  4 
Product  of  simultaneous  con¬ 
densation  of  1  and  2  with  4 
Product  of  simultaneous  con¬ 
densation  of  1  and  3  with  4 


11.5)3 


t!.'i5) 


1 1 .5)3 
1b.7r) 


»).37 


11.93 

13.5.S 


3.17 


II 


III 


.3.93 


3.09 


8.00 


4.42 


SUMMARY 

Phenyltriethoxysilane,  or  a  mixmre  of  phenyltriethoxysilane  with  diethyldiethoxysilane  or  tetraethoxy- 
silane,  reacts  chemically  with  the  polyester  by  interaction  of  the  ethoxyl  groups  of  the  aryl  (alkyl)  ethoxysilanes 
or  their  mixtures  with  hydroxyl  groups  of  the  resin,  giving  rise  to  new  organosilicon  compounds. 
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PURIFICATION  OF  ADIPONITRILE 


A.  E.  Ktilikova,  E.  N.  Zil’bernian,  Ts.  N.  Roginskaya  and 
M.  M.  Smirnova 


Adiponitrile  is  an  intermediate  in  the  industrial  synthesis  of  hexamethylene  diammonium  adipate  (nylon 
salt),  which  is  used  in  the  production  of  polyamide  resins.  The  production  of  adiponitrile  stable  on  keeping  and 
containing  the  minimum  amounts  of  impurities  is  very  important  for  the  manufacture  of  polyamide  resins  of 
high  quality.  However,  the  production  of  such  a  material  involves  certain  difficulties.  The  use  of  vacuum  dis¬ 
tillation  does  not  ensure  the  production  of  adiponitrile  of  adequate  purity.  The  constants  of  such  adiponitrile 
fluctuate  over  a  very  wide  range,  and  on  keeping  it  turns  yellow  and  then  brown.  Therefore  adiponitrile  con¬ 
forming  to  the  requirements  of  the  polyamide  industry  is  made  by  treatment  of  the  vacuum-distilled  product 
with  various  reagents.  Tlie  patent  literature  contains  a  number  of  chemical  methods  for  purification  of  adiponi¬ 
trile:  by  means  of  potassium  permanganate  [1],  sulfuric  acid  [2],  bisulfite  [3],  etc. 

This  paper  gives  a  method  for  purification  of  distilled  adiponitrile,  based  on  the  results  of  chemical  ana¬ 
lyses  and  investigation  of  its  ultraviolet  absorption  spectmm. 

The  ultraviolet  spectrum  of  freshly-distilled  adiponitrile  shows  very  pronounced  absorption  at  265  mp 
(Fig.  1,  Curve  1).  This  absorption  increases  after  storage  for  two  weeks  (Fig.  1,  Curve  2).  The  considerable  ab¬ 
sorption  shown  by  unpurified  adiponitrile  is  due  to  the  presence  of  compounds  with  conjugated  double  bonds. 

One  such  compound  may  be  [1,  4]  1-amino- 2-cyanocyclopentene-l, 2  (I)  or,  as  it  is  more  often  called,  1-imino- 
2-cyanocyclopentane,  which  is  formed  by  isomerization  of  adiponitrile. 


NC(CH2)4r,N 


Indeed,  the  absorption  spectrum  of  l-ainino-2-cyanocyclopentene-l,2  shown  in  Fig.  2  (  X  niax  “ 

^niax  ~  I'^.SOO)  differs  little  from  the  absorption  spectrum  of  unpurified  adiponitrile.  The  presence  of  (I)  in  un¬ 
purified  adiponitrile  is  also  confirmed  by  the  fact  that  it  requires  much  more  hydrochloric  acid  for  titration  than 
does  purified  adiponitrile.  Moreover,  after  hydrolysis  by  dilute  hydrochloric  acid  under  conditions  in  which  nitrile 
groups  are  stable  [5],  unpurified  adiponitrile  gives  a  positive  reaction  with  Nessler's  reagent. 

The  small  hump  at  300  mp  in  the  absorption  spectrum  of  unpurified  adiponitrile  (Fig.  1)  indicates  that  it 
also  contains  cyclopentanone  [6].  The  results  of  chemical  analysis  indicate  that  such  adiponitrile  also  contains 
compounds  with  carboxyl  groups;  probably  5 -cyanovaleric,  adipic,  and  other  acids  [5]. 

Since  (I)  is  easily  hydrolyzed  by  acids,  we  concentrated  mainly  on  the  sulfuric  acid  method  for  purifica¬ 
tion  of  adiponitrile.  Purification  of  the  original  adiponitrile,  containing  0.05  ~  0.06%  of  easily  hydrolyzed  nitro¬ 
gen,  under  conditions  described  in  patents  [2]  yielded  adiponitrile  which  was  stable  on  keeping,  and  which  con¬ 
tained  0.01%  of  easily  hydrolyzed  nitrogen.  However,  the  spectrum  of  the  purified  product  still  indicated  the 
presence  of  impurities  in  the  adiponitrile  (Fig.  1,  Curve  3);  probably  2-cyanocyclopentanone-l  (II)  and  cyclo¬ 
pentanone,  formed  by  hydrolysis  and  decomposition  [7]  of  l-amino-2-cyanocyclopentene-l,2. 
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The  presence  of  2-cyanocyclopentanone-l  in  adiponitrile  purified  by  sulfuric  acid  is  indicated  by  the 
similarity  of  its  spectrum  (Fig.  3)  to  the  spectrum  of  adiponitrile  (Fig.  1,  Curve  3)  in  the  220  —  250  mp  region. 

hi  view  of  the  fact  that  after  treatment  of  adiponitrile  with  sulfuric 
acid  the  predominant  impurities  in  it  contain  carbonyl  groups,  the  sulfuric 
acid  method  for  purification  of  adiponitrile  was  supplemented  by  washing 
with  ammonium  bisulfite  solution;  this  yielded  adiponitrile  of  a  high  de¬ 
gree  of  purity  (Fig.  1,  Curve  4),  similar  to  adiponitrile  purified  by  the 
permanganate  method  (Fig.  1,  Curve  5).  After  the  sulfuric  acid  treatment 
and  the  subsequent  washing  with  bisulfite  solution,  the  adiponitrile  con¬ 
tained  0.001%  of  easily  hydrolyzed  nitrogen. 

The  l-amino-2-cyanocyclopentene-l,2  used  in  this  investigation 
was  prepared  by  cyclization  of  adiponitrile  by  the  action  of  a  suspension 
of  sodamide  in  benzene  [8]. 

We  tliank  A.  I.  Finkel’shtein  for  his  interest  and  valuable  advice. 
EXPERIMENTAL 

Preparation  and  purification  of  adiponitrile.  The  original  adiponi¬ 
trile  was  prepared  by  the  reaction  of  adipic  acid  with  ammonia;  after 
vacuum  distillation  it  had  d^4  =  0.9610,  n^D  =  1.4370,  m.p.  2.1  —  2.3% 
with  permanganate  number  4.0,  acidity  0.001  meq/g,  contained  0.05  — 
0.06%  of  easily  hydrolyzed  nitrogen,  and  became  brownon  keeping.  Its 
ultraviolet  spectmm  before  and  after  storage  is  given  in  Fig.  1. 

30  ml  of  10%  sulfuric  acid  was  added  to  200  g  of  adiponitrile,  and 
the  liquid  was  stirred  at  30-35“  for  30  minutes.  The  lower  layer  was 
then  separated  off,  and  the  top  layer  was  washed  with  35  ml  of  10%  aque¬ 
ous  attuiionia,  then  twice  (with  30  ml  for  1  hour  each  time)  with  ammo¬ 
nium  bisulfite  solution  (800  g/litcr),  twice  with  water  (30  ml  each  time), 
and  twice  with  10%  aqueous  ammonia  (30  ml  each  time),  and  then  dis¬ 
tilled  under  vacuum;  136  g  of  a  fraction  boiling  at  156*  at  10  mm, 
d^®4  =0.9620,  n^D  =1.4369,  m.p.  2.40“,  with  permanganate  number  0.15, 
acidity  0.002  meq/g,  containing  0.001%  of  easily  hydrolyzed  nitrogen,  was  collected.  Up  to  10  g  of  substance 
was  left  in  the  distillation  flask.  An  additional  quantity  of  adiponitrile  was  extracted  from  the  residue  in  the 
flask  and  the  wash  liquors. 

Adiponitrile  purified  by  sulfuric  acid  alone  [2]  solidified  at  2.2“  and  had  permanganate  number  1.2,  acid¬ 
ity  0.002  meq/g,  and  contained  0.01%  of  easily  liydrolyzed  nitrogen.  The  product  purified  by  potassium  per¬ 
manganate  had  the  same  constants  as  adiponitrile  purified  by  the  sulfuric  acid  —  bisulfite  method.  Tlie  ultra¬ 
violet  spectra  of  adiponitrile  purified  by  the  permanganate,  sulfuric  acid,  and  sulfuric  acid  —  bisulfite  methods 
are  given  in  Fig.  1.  The  infrared  spectrum  of  adiponitrile  with  the  maximum  transmission  in  the  ultraviolet 
region  is  given  in  Fig.  4. 

Methods  of  adiponitrile  analysis.  The  acidity  of  adiponitrile  was  determined  by  titration  with  0.01  N 
alkali  in  presence  of  plienolphthalein. 

For  determination  of  easily  hydrolyzed  nitrogen,  10  g  of  adiponitrile  was  dissolved  in  water,  20  ml  of 
0.1  N  hydrochloric  acid  was  added,  the  mixture  was  shaken  vigorously,  and  excess  acid  was  titrated  with  0.1  N 
alkali  in  presence  of  Methyl  orange. 

The  permanganate  number  was  determined  by  titration  of  adiponitrile  solution  with  0.01  N  potassium  per- 
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Fig.  1.  Ultraviolet  absorption 
spectra  of  adiponitrile: 
characteristics  of  adiponitrile: 

1)  nnpurified,  2)  unpurified,  af¬ 
ter  two  weeks  of  storage,  3)  puri¬ 
fied  by  means  of  sulfuric  acid,  4) 
purified  by  the  sulfuric  acid  ~  bi¬ 
sulfite  method,  5)  purified  by  the 
permanganate  method. 
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Fig.  2.  Absorption  spec¬ 
trum  of  l-amino-2-cyano- 
cyclopentene-1,2  in  the 
ultraviolet  region. 


p 


ZZO  250  300 


A  (mil) 

Fig.  3.  Absorption  spec¬ 
trum  of  2-cyanocyclo- 
pentanone- 1  in  the  ultra¬ 
violet  region. 


manganate  in  presence  of  sulfuric  acid  to  a  faint  pink  color  persisting  for  1  minute.  The  permanganate  number 
was  expressed  in  meq  KMn04  per  g  adiponitrile. 

The  ultraviolet  absorption  spectra  were  determined  by  means  of  the  SF-4  photoelectric  spectrophotometer. 

The  concentration  of  the  substance  in  methanol  was  0.3*70,  and  the  thickness  of  the  absorbing  layer  was  1  cm. 

Infrared  spectra  were  determined  by  means  of  the  IKS- 11  spectrophotometer.  A  LiCl  prism  and  a  KCl  cell 
0.06  mm  thick  was  used  in  the  3-4. 5/i  region,  and  a  NaCl  prism  and  a  KCl  cell  0.1  mm  thick  in  the  6.5-12p 

Synthesis  of  l-amino-2-cyanocyclopentene-l,2  (1). 

The  catalyst  for  synthesis  of  1-amino- 2-cyanocyclopentene- 

l, 2  was  a  suspension  of  sodamide  in  benzene,  made  by 
addition  of  metallic  sodium  to  liquid  ammonia  in  presence 
of  cobalt  nitrate  [9],  The  benzene  suspension  of  NaNH2 
(15.2  g  sodium  and  100  ml  benzene)  was  heated  to  the 
boil,  and  a  solution  of  30  g  of  adiponitrile  in  40  g  of  ben¬ 
zene  was  added  during  2  hours.  The  reaction  mass  was 
carefully  decomposed  by  means  of  100  ml  of  water;  two 
layers  were  formed,  with  solid  l-amino-2-cyanocyclopen- 
tene- 1 ,2  at  the  boundary  between  them.  The  product  was  fil¬ 
tered  off  and  washed  with  water.  Additional  small  amounts  of 
l-amino-2-cyanocyclopentene- 1,2  were  isolated  from  the 
aqueous  and  benzene  layers;  the  yield  of  (1)  was  12- 15  g  (40-50%), 

m. p.  147.5*  (from  water);  literature  data  [10],  147®. 

Synthesis  of  2-cyanocyclopentanone-l  (II).  To5  gof  l-amino-2-cyanocyclopentene-l,2  at  room  tempera¬ 
ture  100  ml  of  0.5  N  hydrochloric  acid  was  added  and  2-cyanocyclopentanone-l  was  extracted  with  ether  from 
the  resultant  homogeneous  solution.  The  ether  extract  was  dried  by  calcium  chloride  and  distilled  under  vacuum. 
The  yield  of  product  with  b.p.  123-124®  at  10  mm)  and  n^D  =1.4700  was  4  g  (80%);  literamre  data  [11]:  b.p. 
137-140®  at  14  mm),  n^D  =1.4701. 


region. 


Fig.  4.  Absorption  spectrum  of  adiponitrile  in  the 
infrared  region. 


SUMMARY 

It  is  shown  that  if  adiponitrile  is  treated  with  sulfuric  acid  and  then  washed  with  ammonium  bisulfite  solu¬ 
tion  it  is  possible  to  obtain  a  pure  product,  stable  on  keeping,  with  virtually  no  absorption  of  ultraviolet  radia¬ 
tion  in  the  220-400  mp  region. 
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PRODUCTION  OF  METHYL  CHLORIDE  BY  CATALYTIC  HYDROCHLORINATION 
OF  DIMETHYL  ETHER 

R.  M.  Flid,  K.  S.  Miiisker  and  N.  F.  Skvortsova 


Dimethyl  ether  is  formed  as  a  by-product  in  a  number  of  industrial  processes;  this  poses  the  problem  of 
its  efficient  utilization.  One  of  us  [1]  showed  that  it  is  possible  to  obtain  carboxylic  esters  by  catalytic  reactions 
of  dimethyl  ether  with  carboxylic  acids. 

In  the  present  investigation  we  studied  the  possibility  of  catalytic  production  of  methyl  chloride  by  the 
reaction 


(CIl3).,Og4  211Clg  -V  ‘iCIIsClg  t-  11.4 )g 
EXPERIMENTAL 

Experimental  and  analytical  procedures.  Dimethyl  ether  (DME)  was  prepared  by  catalytic  dehydration  of 
methanol  over  y-AljOs  at  250-270*  and  was  kept  over  saturated  CaClj  +NaCl  solution.  Its  purity  was  tested  by 
the  completeness  of  its  absorption  by  concentrated  H2SQ4.  Gaseous  HCl,  prepared  by  the  action  of  concentrated 
HjSO^  on  NH4CI,  was  kept  in  a  gas  holder  over  kerosene  previously  saturated  with  HCl. 

Accurately  measured  amounts  of  DME  and  HCl  were  passed  through  drying  columns  with  CaClj  and  tubes 
with  silica  gel  to  adsorb  kerosene  vapor,  mixed,  and  passed  into  the  catalytic  furnace  with  automatic  heat  con¬ 
trol  (iO.5*). 


TABLE  1 

Effect  of  Preliminary  Saturation  of  the  Catalyst  with  the  Reaction  Components 
HC1:(CHs)20  ratio  between  2: 1  and  3:  1;  catalyst,  ZnCl2  on  AR-3  activated  carbon, 
t  =  160*  C,  V  =  350  liters/liter  of  catalyst  *  hour 


Experimental  conditions 

Variation  of  CH3CI  yield  on  the 
DME  passed  (%)  with  time  (min) 

30 

00 

1 

I  !K) 

OSO 
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Without  preliminary  saturation 

83.2 

68.2 

52.3 

43.5 

65.2 

Preliminary  saturation  with 

0.6 

dimethyl  ether 

0.8 

.5.0 

7.5 

2.5.0 

Preliminary  saturation  with 

hydrogen  chloride 

07.2 

85.4 

82.2 

84.4 

The  reaction  products  passed  successively  through  a  condenser  where  water  vapor  was  condensed,  a  wash 
bottle  with  concentrated  H2SQ4  to  absorb  unchanged  DME,  a  wash  bottle  with  water  to  absorb  HCl,  and  traps 


cooled  in  solid  carbon  dioxide  with  acetone  for  collecting  the  CHsCl  formed. 

The  unchanged  HCl  was  determined  by  titration  with  0.1  N  NaOH,  and  DME  from  the  weight  increase  of 
the  traps  containing  concentrated  H2SO4.  The  purity  of  the  CHsCl  was  checked  by  its  boiling  point  (  —  24.5  to 
■-24*)and  occasionally  by  absorption  in  glacial  acetic  acid.  The  amount  of  CHsCl  formed  was  found  by  evapora¬ 
tion  of  the  product  into  a  graduated  gas  holder.  In  no  instance  were  any  products  formed  other  than  those  indi¬ 
cated  above. 

As  a  rule,  the  material  balance  agreed  in  all  cases. 

Catalysts  were  prepared  by  impregnation  of  the  support  with  the  appropriate  salt  solution,  followed  by  e- 
vaporation  and  drying.  The  effects  of  temperature  and  DME:  HCl  ratio  on  the  yield  of  methyl  chloride  were 
studied. 


TABLE  2 

Results  of  Comparative  Tests  on  Different  Catalysts  in  Relation  to  the  Temperature 
Space  velocity  300~400  liters/liter  of  catalyst •  hour,  (CHslaOiHCl  =  1:3  to  1:4 


Catalyst 

Yield  of  CH3CI  on  the  dimethyl  ether 
passed  (%)  at  various  temperatures  (*C) 

110 

120 

160 

200 

275 

300 

375 

400 

Pumice 

13.5 

13.2 

1.3.6 

Glass 

8.1 

7.3 

7.2 

6.8 

BAU  carbon 

— 

1.5.4 

18.2 

24.6 

24.8 

Mercuric  chloride  (10%)  on  AR-3 

activated  carbon 

5.1 

6.5 

t.5.8 

23.4 

Zinc  chloride  on  BAU  carbon 

3H.9 

— 

— 

52.3 

— 

59.5 

54.7 

— 

Zinc  chloride  (30%)  on  AR-3  carbon 

— 

95.0 

97.7 

93.2 

90.8 

71.5 

— 

— 

Zinc  chloride  (30%)  on  aluniino- 

silicate 

— 

— 

— 

47 

84 

81 

— 

— 

Zinc  chloride  (30%)  on  kaolin 

— 

— 

— 

29 

36 

32 

— 

— 

Cadmium  chloride  (30%)  on  AR-3  carbon 

— 

— 

— 

65 

87 

87 

— 

— 

Cadmium  bromide  (30%)  on  AR-3  carbon 

— 

— 

57 

52 

56 

— 

— 

Cadmium  iodide  (30%)  on  AR-3  carbon 

— 

— 

— 

52 

55 

58 

— 

— 

Zinc  iodide  (30%)  on  AR-3  carbon 

— 

— 

— 

44 

65 

60 

— 

— 

Calcium  chloride  (30%)  on  AR-3  carbon 

— 

— 

— 

47 

41 

43 

38 

Bismuth  chloride  (30%)  on  AR-3  carbon 

46 

44 

56 

— 

— 

Ferric  chloride  (30%)  on  AR-3  carbon 

— 

— 

74 

60 

60 

— 

— 

Magnesium  chloride  (30%)  on  AR-3  carbon 

1  — 

— 

— 

— 

.30 

46 

51 

— 

Active  alumina 

1 

— 

7.3 

96 

95 

Experimental  Data  and  Discussion  of  Results 

Effect  of  preliminary  saturation  of  the  catalyst.  In  tests  on  different  catalysts  it  was  found  that  the  cata¬ 
lysts  retain  high  andconstant  activity  only  after  preliminary  saturation  with  hydrogen  chloride.  In  experiments 
witliout  preliminary  saturation  the  activity  gradually  fell  and  the  material  balance  for  hydrogen  chloride  did  not 
agree.  Preliminary  saturation  of  the  catalyst  with  hydrogen  chloride  led  to  almost  complete  inactivation  during 
the  initial  period  of  operation.  In  such  cases  the  yield  of  methyl  chloride  rose  somewhat  with  time,  but  the  cat¬ 
alyst  activity  remained  very  low.  Table  1  contains  data  on  the  effects  of  preliminary  saturation  of  the  catalyst 
with  the  reaction  components  on  the  time  variations  of  activity  of  ZnClj/carbon  catalyst  (t  =  160*  V  =  360 
liters/liter  of  catalyst  "hour).  Similar  results  were  obtained  in  tests  on  other  catalysts.  Therefore  in  all  the  sub¬ 
sequent  experiments  the  catalyst  was  first  saturated  with  hydrogen  chloride  in  order  to  ensure  high  and  constant 
activity.  It  was  found  in  further  tests  that  after  preliminary  saturation  of  the  catalyst  with  hydrogen  chloride 
variations  of  the  HCl :  (CH3)20  ratio  between  3  :1  and  6 :  1  have  no  effect  on  the  yield  of  methyl  chloride. 

Effects  of  the  nature  of  the  catalyst  and  temperature  on  the  CH3CI  yield.  The  relative  activities  of  dif¬ 
ferent  catalysts  and  supports  were  studied  over  a  wide  temperature  range.  The  space  velocity  varied  from  300 
to  400  liters/liter  of  catalyst  ’hour  in  all  cases.  The  HCl:  (CHs)20  ratio  was  from  3  : 1  to  4 : 1.  The  results 
are  summarized  in  Table  2. 
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It  is  clear  from  the  above  results  that  methyl  chloride  can  be  obtained  in  considerable  yields  (90-95%) 
with  the  use  of  the  following  catalysts:  y-AljOj,  in  the  375-400*  C  range;  ZnClj  on  AR-3  activated  carbon,  at 
120-200*  C;  CdClj  on  AR-3  activated  carbon,  at  275-300*  C. 

Preliminary  saturation  of  the  catalyst  with  gaseous  HCl  is  necessary  in  all  cases.  The  chlorides  can  be 
arranged  in  the  following  sequence  according  to  activity: 


ZnCl2  >  CxlClg  >  FcClg  >  niClj  >  MgCIa  >  CaClz  >Hp(:i2. 


With  a  given  cation,  chlorides  are  more  active  than  bromides  and  iodides.  The  nature  of  the  support  is 
also  significant.  Coarsely  porous  AR-3  activated  carbon  has  the  best  properties.  It  must  be  pointed  out  that  the 
high  activity  of  y-AljO^,  with  CIlsCl  yields  up  to  95-96%  on  the  dimethyl  ether  passed,  is  not  reached  at  once. 

The  catalyst  activity  gradually  arises  from  60%  after  the  first  hour  of  operation  to  95-96%  at  the  fourth  hour,  and 
then  remains  constant.  The  activity  of  ZnClj  catalyst  on  AR-3  carbon  decreases  with  time  from  93-95%  to  78-82%, 
and  does  not  rise  even  after  regeneration  by  a  current  of  HCl  gas. 

The  need  for  preliminary  saturation  of  the  catalyst  with  hydrogen  chloride  was  not  unexpected. 

We  consider  that  under  steady  conditions  activation  of  the  components  (DME  and  HCl)  should  result  in  the 
formation  of  a  ternary  complex  with  the  composition:  (Cli^)iO“  catalyst  —  HCl  [2]. 

No  data  are  available  on  the  possibility  of  complex  formation  between  catalyst  and  DME  or  catalyst  and 
HCl.  However,  by  analogy  with  hydrate  formation  or  with  the  tendency  of  salts  to  undergo  hydrolysis,  and  as 
the  result  of  approximate  calculations,  it  was  concluded  that  of  the  two  initial  components  (DME  and  HCl),  di¬ 
methyl  ether  should  be  the  one  predominantly  activated;  this  should  have  high  affinity  with  the  above-named 
chlorides  and  y-AljOj. 

Therefore,  in  order  to  avoid  the  formation  of  a  stable  binary  complex  of  the  catalyst  with  DME,  leading 
to  inactivation,  the  catalyst  surface  must  first  be  saturated  with  hydrogen  chloride,  which  tends  to  form  a  less 
stable  complex  than  dimethyl  ether  with  the  catalyst. 

SUMMARY 

1.  It  is  shown  that  methyl  chloride  can  be  produced  by  the  catalytic  reaction  of  dimethyl  ether  with  hy¬ 
drogen  chloride. 

2.  The  most  effective  catalysts  are  y-AljOj  (375-400*),  CdClj  on  AR-3  activated  carbon  (275-300*). 
and  ZnCl2  on  AR-3  activated  carbon  (120-200*1,  At  a  space  velocity  of  300-400  liters/iiter  of  catalyst  •  hour  the 
respective  CH3CI  yields  reach  95  —  96,  85—  97,  78  —  82%. 

3.  The  catalyst  surface  must  first  be  saturated  with  hydrogen  chloride  to  ensure  retention  of  high  activity. 
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PRODUCTION  OF  ANHYDROUS  SODIUM  ACETATE  FROM  AN  AQUEOUS 
METHANOL  SOLUTION  OF  METHYL  ACETATE 

A.  G.  Sayadyan  and  A.  E.  Akopyan 
The  Erevan  Polytechnic  Institute 


In  the  production  of  polyvinyl  butyral,  when  polyvinyl  alcohol  is  dissolved  in  water  a  mixture  of  approxi¬ 
mately  the  following  composition  is  distilled  off:  methanol  60-65%,  methyl  acetate  8-12%,  acetaldehyde  0.3  “ 
0.6%;  the  residue  is  water  and  small  amounts  of  impurities. 

At  the  present  time  this  aqueous  methanol  solution  of  methyl  acetate  is  treated  with  caustic  soda,  so  that 
methyl  acetate  is  converted  into  methanol  and  sodium  acetate.  Methanol  is  then  distilled  off,  rectified,  and 
recycied,  and  the  dilute  and  impure  aqueous  solution  of  sodium  acetate  remaining  after  distillation  of  the  meth¬ 
anol  i:  discharged  to  waste. 

Therefore  the  alkaline  treatment  of  the  aqueous  methanol  solution  of  methyl  acetate  results  merely  in  re¬ 
covery  of  methanol,  while  the  acetic  acid  consumed  in  the  formation  of  the  original  vinyl  acetate  and  converted 
to  methyl  acetate  in  the  production  of  polyvinyl  alcohol  is  almost  all  lost  as  sodium  acetate.  The  recovery  of 
sodium  acetate  from  impure  dilute  aqueous  solutions  involves  technical  difficulties  and  is  uneconomic  when  the 
production  scale  is  small. 

In  this  paper  we  propose  a  new  and  very  simple  method  for  regeneration  of  aqueous  methanol  solutions  of 
methyl  acetate,  which  yields  pure  anhydrous  sodium  acetate  in  addition  to  methanol.  The  essential  difference 
between  this  method  and  the  existing  process  is  that  a  mixture  cf  methyl  acetate  and  methanol  obtained  from 
the  aqueous  methanol  solution  of  methyl  acetate  by  rectification  is  saponified,  and  not  the  original  solution. 

Patent  information  is  available  on  the  production  of  sodium  acetate  from  methyl  acetate.  According  to 
one  patent  [1],  sodium  acetate  is  made  by  treatment  of  acetate  esters  with  sodium  carbonate  or  bicarbonate  at 
high  temperatures  (125—  130*)  and  pressures,  in  presence  of  small  amounts  of  water.  This  temperature  range 
and  the  presence  of  water  are  necessary  because  of  the  poor  solubility  of  the  alkali  in  the  original  esters.  In  our 
proposed  method,  because  of  the  presence  of  large  amounts  of  methanol  in  the  reaction  mixture  methyl  acetate 
can  be  saponified  in  absence  of  water  at  an  adequate  rate  at  the  boiling  point  of  the  reaction  mixture,  55-60*. 

EXPERIMENTAL 

A  series  of  experiments  was  performed  in  order  to  study  processes  for  removal  of  acetaldehyde  from  the 
original  mixture,  and  saponification  of  methyl  acetate  in  relation  to  its  concentration  in  the  methanol  solution 
and  the  relative  proportions  of  methyl  acetate  and  caustic  soda.  Although  these  reactions  have  already  been 
studied  in  detail,  in  view  of  the  special  conditions  it  was  necessary  to  conduct  some  check  experiments. 

Removal  of  acetaldehyde  from  the  original  mixture.  It  is  necessary  to  remove  aldehyde  from  the  aqueous 
methanol  solution  of  methyl  acetate  because  acetaldehyde  passes  into  the  methanol  —  methyl  acetate  fraction 
during  rectification;  when  methyl  acetate  is  saponified  by  alkali  the  acetaldehyde  is  resinified  and  colors  the 
sodium  acetate.  It  was  shown  that  sodium  acetate  is  not  colored  if  the  acetaldehyde  content  of  the  mixture  does 
not  exceed  0.08%. 

Sodium  bisulfite  was  used  for  the  purification.  From  1  to  5  vol.%  of  40%  sodium  bisulfite  solution  was 
added  to  the  aqueous  methanol  solution  of  methyl  acetate,  the  mixture  was  gently  warmed  and  stirred  for 
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0.5  hour.  The  mixture  was  then  distilled  through  a  laboratory  column  35  mm  in  diameter  and  1200  mm  high, 
acetaldehyde  being  determined  in  the  distillate.  It  was  found  that  after  addition  of  2.5  -  3.0  yolSfo  of  40^0  so' 
dium  bisulfite  solution  the  aldehyde  content  of  the  methanol  -  methyl  acetate  mixture  is  0.05—  0.07%. 


Effect  of  Methyl  Acetate  Content  on  Saponification 


Methyl  acetate  content 
of  original  mixture  (%) 

Methyl  acetate  contents  of  samples  (%) 
after  time  (hours) 

0.5 

1 

2 

3 

4 

5 

0.85 

0.51 

0.31 

0.26 

0.12 

10 

0.99 

0.66 

0.40 

0.29 

0.14 

15 

1.08 

0.65 

0.38 

0.28 

0.14 

20 

1.56 

0.88 

0.43 

0.34 

0.17 

Effect  of  methyl  acetate  concentration  on  the  saponification  process.  A  methanol  —  methyl  acetate  mix¬ 
ture  containing  20%  methyl  acetate  and  0.07%  acetaldehyde  was  used  in  these  experiments.  Solutions  contain¬ 
ing  5,  10,  and  15%  methyl  acetate  were  prepared  from  this  solution  for  the  separate  experiments  by  dilution  with 
methanol.  To  200  ml  of  each  of  these  solutions  was  added  caustic  soda  in  an  amount  equivalent  to  the  methyl 
acetate  present,  and  the  mixture  was  heated  on  a  water  bath  in  a  flask  under  reflux.  Samples  were  taken  at 
various  time  Intervals  with  a  pipet,  and  the  amounts  of  unchanged  methyl  acetate  in  them  were  determined. 

The  results  of  these  experiments  are  given  in  the  table. 

The  results  in  the  table  show  that  saponification  of  methyl  acetate  in  methanol  solution  proceeds  fairly 
readily,  and  variations  of  the  methyl  acetate  concentration  in  the  original  mixture  in  the  5-20%  range  have  al¬ 
most  no  effect  on  the  saponification  time.  Most  of  the  methyl  acetate  (over  90%)  reacts  within  0.5  hour  in  all 
cases.  Saponification  of  the  remaining  methyl  acetate  requires  much  more  time  (3-4  hours). 

Effect  of  alkali  concentration  on  saponification.  The  purpose  of  these  experiments  was  to  determine  the 
effects  of  excess  alkali  in  the  solution  on  the  rate  and  extent  of  the  process.  A  solution  containing  14%  methyl 
acetate  and  0.06%  acetaldehyde  was  used  for  these  experiments.  The  solution  was  prepared  from  aqueous  meth¬ 
anol  solution  of  methyl  acetate  by  purification  with  bisulfite  and  subsequent  distillation.  The  experimental  con¬ 
ditions  were  the  same  as  in  the  preceding  experiments,  but  in  presence  of  5,  10,  and  15%  excess  alkali.  It  was 
found  in  these  experiments  that  the  effect  of  up  to  5%  excess  alkali  on  saponification  is  very  slight  (after  4  hours 
0.08%  free  methyl  acetate  remains  in  solution).  If  more  than  10%  excess  alkali  is  present,  the  reaction  is  al¬ 
ready  complete  after  2-3  hours.  However,  excess  alkali  increases  the  alkalinity  of  the  product  (sodium  acetate) 
which  is  not  permitted  by  GOST  208-43.  Therefore  additional  experiments  were  performed  on  saponification  of 
methyl  acetate  with  a  deficiency  of  alkali.  In  these  experiments  the  amounts  of  alkali  taken  were  3-5%  below 
the  theoretical.  In  experiments  lasting  4-5  hours  the  free  alkali  content  of  the  sodium  acetate  samples  was 
0.05  —  0.08%,  and  the  methanol  distilled  off  after  the  reaction  contained  0.5  —  0.7%  methyl  acetate.  The  pre¬ 
sence  of  this  amount  of  methyl  acetate  in  the  recycled  methanol  does  not  cause  any  difficulties  in  its  use  for 
the  production  of  polyvinyl  alcohol,  while  the  sodium  acetate  obtained  has  an  admissible  alkali  content. 

Another  feature  of  the  proposed  method  is  that  it  can  be  easily  performed  in  existing  equipment  for  meth¬ 
anol  recovery,  only  small  changes  in  the  connections  being  necessary.  The  technological  details  of  the  process 
are  as  follows;  2.5  —  3.0  vol.  %  of  40%  sodium  bisulfite  solution  is  added  to  the  aqueous  methanol  solution  of 
methyl  acetate,  the  mixture  is  stirred  for  0.5—  1  hour,  and  distilled.  The  distillate,  consisting  of  12—  15%  solu¬ 
tion  of  methyl  acetate  in  methanol,  is  saponified  with  caustic  soda,  the  amount  of  the  latter  being  3  “  5%  below 
the  amount  equivalent  to  the  methyl  acetate  present.  The  process  is  continued  at  the  boil  for  4-5  hours  in  a 
reactor  fitted  with  a  stirrer,  heater,  and  reflux  condenser.  At  the  end  of  the  process  methanol  is  distilled  off 
completely  and  returned  to  the  polyvinyl  alcohol  cycle.  If  it  should  be  necessary  to  use  the  recovered  methanol 
as  solvent  for  vinyl  acetate  polymerization,  it  should  probably  be  rectified.  After  distillation  of  the  methanol, 
the  sodium  acetate  present  in  the  reactor  is  cooled  and  discharged. 
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SUMMARY 


1.  A  new  process  for  regeneration  of  aqueous  methanol  solutions  of  methyl  acetate  has  been  developed, 
which  yields  pure  anhydrous  sodium  acetate  in  addition  to  methanol. 

2.  The  method  can  be  easily  used  with  existing  equipment  for  methanol  recovery  in  polyvinyl  butyral 
production. 
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SYNTHESIS  OF  QUATERNARY  AMMONIUM  SALTS  FROM  A  BROAD  FRACTION  OF 
HIGH-MOLECULAR  ALIPHATIC  ALCOHOLS  MADE  BY  OXIDATION  OF  PARAFFINIC 
HYDROCARBONS  FROM  PETROLEUM 

V.  P.  Erekaev  and  M.  P.  Gerchuk 

The  G.  V.  Plekhanov  (Order  of  the  Red  Banner  of  Labor)  Institute  of 
National  Economy,  Moscow 


a 

Quaternary  ammonium  salts  of  the  type  [bNc]x;  wherea,b,  andc  are  relatively  short  radicals  (CH^,  CjHs, 

R 

QH5CH2);  R  is  a  radical  containing  from  8  to  18  carbon  atoms,  and  3C  is  one  of  the  following  anions:  Cl',  Br', 
r.  SO4".  or  CHs',  have  become  widely  used  in  industry,  agriculture,  and  medicine  in  foreign  countries  in  recent 
years.  Compounds  of  this  type  have  surface-active  and  bactericidal  properties  and  are  used  in  dyeing  and  scour¬ 
ing  of  fabrics,  in  ore  flotation,  in  the  manufacture  of  rubber  and  paper,  for  washing  of  equipment  in  the  food  In¬ 
dustry,  and  as  disinfectants,  herbicides,  and  fungicides  [1]. 

The  existing  methods  for  production  of  quaternary  ammonium  salts  essentially  consist  of  the  condensation 
of  pyridine  [2],  quinoline  [3],  dimethylbenzylamine  [4],  amino  ethers  [5]  or  other  tertiary  amines  with  alkyl 
halides  of  high  molecular  weight.  Difficulties  in  carrying  out  synthesis  of  this  type  on  the  large  scale  arose  be¬ 
cause  of  shortages  of  high-molecular  alcohols  or  acids  required  for  the  production  of  alkyl  halides  of  high  molec¬ 
ular  weight.  Coconut  oil.  whale  oil,  edible  fats,  products  of  hydrocarbon  chlorination,  and  natural  higher  fatty 
acids  were  generally  used  for  this  purpose.  Shortages  of  all  these  materials  constituted  the  main  obstacle  to  t.'ie 
large-scale  production  of  quaternary  ammonium  salts.  In  the  USSR  cation-active  substances  are  still  not  being 
widely  used. 

We  have  developed  a  convenient  method  [6]  for  the  production  of  quaternary  ammonium  salts  on  the  in¬ 
dustrial  scale.  The  starting  material  was  a  broad  fraction  of  high-molecular  aliphatic  alcohols  made  by  cataly¬ 
tic  oxidation  of  paraffinic  hydrocarbons  by  the  method  worked  out  in  the  Institute  of  Petroleum  of  the  Academy 
of  Sciences  USSR  by  Bashkirov  et  al.  [7].  Halogenation  of  the  broad  alcohol  fraction  yielded  a  mixture  of  alkyl 
halides  of  high  molecular  weights.  Treatment  of  pyridine  or  pyridine  bases  with  this  mixture  of  high-molecular 
alkyl  halides  gave  a  mixture  of  alkylpyridinium  salts.  Treatment  of  diethylbenzylamine  with  the  mixture  of 
high-molecular  alkyl  halides  yielded  a  mixture  of  diethylalkylbenzylammonium  salts. 

For  characterization  of  our  quaternary  ammonium  salts,  we  determined  their  surface  tension  and  wetting 
power.  The  results  were  compared  with  the  corresponding  data  for  cetylpyridinium  bromide.  It  is  clear  from 
Table  1  that  alkylpyridinium  halides  lower  the  surface  tension  of  water  considerably  and  have  high  wetting  power. 

The  microbiological  properties  of  our  alkylpyridinium  halides  were  tested  at  the  All-Union  Scientific  Re¬ 
search  Institute  of  Pharmaceutical  Chemistry  (Table  2).  Pure  cetylpyridinium  bromide  was  taken  for  comparison. 
It  is  clear  from  the  data  in  Table  2  that  our  quaternary  ammonium  salts  have  pronounced  bacteriostatic  effects 
on  a  number  of  microorganisms.  It  was  also  found  that  these  substances  have  bactericidal  and  fungicidal  effects. 

We  developed  methods  for  preserving  fresh  hides  by  means  of  quaternary  ammonium  salts,  on  the  basis  of 
their  bacteriostatic  properties. 

CXir  experiments,  performed  jointly  with  V.  G.  Leites  in  the  Department  of  Animal  Raw  Materials  of  the 
Veterinary  Academy,  showed  that  our  quaternary  ammonium  salts,  used  in  quantities  of  0.1  —  0.4*70  on  the  fresh 
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TABLE  1 


Surface  Tension  and  Wetting  Power  of  Quaternary  Ammonium  Salts 


Solution 

Surface 

Wetting 

power 

Substance 

concentra¬ 
tion  (%) 

tension 
(ergs/  cm*) 

Alkylpyrldlnlum  bromide  (solid  | 
product)  j 

0.5 

0.25 

0.125 

30.6 

34.2 

42.0 

0.81915 

0.78079 

0.73924 

Alkylpyridinlum  iodide  (liquid  ( 

product)  j 

0.5 

0.25 

0.125 

28.4 

31.16 

33.28 

0.80212 

0.78801 

0.75851 

Diethylalkylbenzylammonlum  f 

bromide  i 

0.5 

0.25 

0.125 

34.73 

44.13 

53.25 

0.78801 

0.74314 

0.72837 

Cetylpyridinlum  bromide  1 

0.5 

0.25 

30.56 

30.67 

0.73135 

0.69151 

1 

0.125 

31.95 

0.67559 

TA  BLE  2 

Bacteriostatic  Action  of  Quaternary  Ammonium  Salts 


Growth  of  microorganisms  inhibited  at  dilution 


Microorganism 

alkylpyridinlum 

bromide 

alkylpyridinlum 

iodide 

cetylpyridinlum 

bromide 

Staphylococcus  aureus 

1  :  819200 

1  ; 1638000 

1  : 1024000 

Hemolytic  streptococcus 

Escherichia  coli 

1  :  409600 

1  :  51200 

1  ;  409000 

1  :  2040(K) 

1  : 1204000 

1  :  1280(K) 

Flexner's  bacillus 

1  :  102400 

1  ;  204000 

1  1 128000 

Diphtheria  bacillus 

1  :  204800 

1  :  409600 

1  ;  5120(X) 

Anthracoid  spores 

Mycobacterium  tuberculosis  var, 
nominls  (extensive  growth) 

1  :  51200 

t  ;  102400 

1  :  6400(4 

1  :  1638400 

1  :  1638000 

1  :  8192000 

Avian  tubercle  bacillus 

1  :  65536000 

1  : 1638000 

1  :  4096000 

Acid-fast  saprophyte  B5 

1  :  3276800 

1  :  1638000 

1  : 256000 

Trichophyton 

1  :  204800 

1  :  204000 

1  :  256000 

Achorion 

1  :  204800 

1  :  204(XK) 

1  :  2048000 

Actinomycetes 

1  :  204800 

1  :  1638000 

1:512000 

hide  weight,  preserved  the  hides  for  longer  times  than  were  achieved  in  a  control  experiment  on  hides  salted  by 
the  usual  process  [8],  and  it  was  found  that  the  quaternary  salts  are  suitable  for  disinfection  of  equipment  used 
in  the  fish  and  yeast  industries  for  sterilization  of  surgical  instruments. 

As  our  method  for  the  production  of  quaternary  ammonium  salts  is  based  on  the  use  of  readily  available 
oxidation  products  of  paraffinic  hydrocarbons  from  petroleum,  it  opens  up  extensive  possibilities  for  the  use  of 
these  compounds  as  disinfectants,  preservatives,  detergents,  wetting  agents,  herbicides,  and  fungicides. 


EXPERIMENTAL 

Preparation  of  mixed  alkyl  halides  of  high  molecular  weight  from  mixmres  of  high-molecular  alcohols. 
The  starting  material  was  a  broad  fraction  of  alcohols  made  by  catalytic  oxidation  of  paraffinic  hydrocarbons 
(Cio^Cso).  boiling  in  the  130-230*  C  range  (15  mm).  121  g  of  this  fraction  was  boiled  with  stirring  for  5  hours 
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with  168  g  of  48*70  hydrobromic  acid.  The  bromides  were  washed  with  sulfuric  acid  and  aqueous  ammonia  solu¬ 
tion,  and  distilled.  The  boiling  range  was  165-295*  C  (17  mm),  yield  125  g  (82‘7>  of  theoretical).  121  g  of 
the  alcohol  fraction  was  heated  with  5  g  of  red  phosphorus  and  67  g  of  iodine  to  give  a  mixture  of  alkyl  iodides. 
Boiling  range  135  —  210*  C  (5  mm),  yield  128  g  (72%  of  theoretical). 

Preparation  of  alkylpyridinium  salts.  To  30.5  g  of  the  alkyl  bromide  fraction,  heated  on  an  oil  bath  to 
150*  c,  8  g  of  pyridine  was  added  during  2  hours.  The  precipitate  was  crystallized  from  ethyl  acetate.  The 
liquid  product  was  washed  with  ethyl  acetate.  The  solid  reactiwi  product  was  a  colorless  crystalline  mass,  readi¬ 
ly  soluble  in  water  and  alcohol.  Yield  5.7  g.  The  liquid  product  was  a  viscous  mass,  readily  soluble  in  water 
and  alcohol  and  insoluble  in  ether.  Yield  8.8  g.  The  total  yield  of  solid  and  liquid  alkylpyridinium  bromides 
was  about  40%  of  theoretical. 

Alkylpyridinium  iodides,  a  brown  mass,  were  prepared  analogously  from  35.2  g  of  alkyl  iodides  and  8  g 
of  pyridine.  Yield  20.0  g  (54.5%  of  theoretical). 

Preparation  of  diethylalkylbenzylammonium  salts.  16.3  g  of  diethylbenzylamine  was  added  to  35.2  g  of 
the  alkyl  iodide  fraction  heated  on  an  oil  bath  to  150“  C.  The  mixture  of  diethylalkylbenzylammonium  io¬ 
dides  was  a  faintly  yellowish  crystalline  mass,  readily  soluble  in  water.  Yield  23.5  g  (45%  of  theoretical). 

SUMMARY 

In  the  development  of  an  industrial  method  for  the  production  of  quaternary  ammonium  salts  from  mix¬ 
tures  of  high-molecular  alcohols  made  by  direct  oxidation  of  petroleum  paraffins  it  was  found  that  diethylalkyl¬ 
benzylammonium  and  alkylpyridinium  salts  prepared  by  this  method  have  bactericidal,  bacteriostatic,  fungici¬ 
dal,  wetting,  surface-active,  and  preservative  properties. 
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ALL-UNION  CONFERENCE  ON  THE  CHEMISTRY  AND  PRACTICAL  USES 


OF  ORGANOSILICON  COMPOUNDS 

V.  B.  Losev 


The  2nd  All-Union  Conference  on  the  Chemistry  and  Practical  Uses  of  Organosilicon  Compounds  was 
held  in  Leningrad  from  September  25  to  27,  1958. 

The  Conference  was  organized  by  the  Division  of  Technical  Sciences  and  the  Instimte  of  Silicate  Chem¬ 
istry  of  the  Academy  of  Sciences  USSR,  the  D.  1.  Mendeleev  All-Union  Chemical  Society,  the  State  Committee 
for  Chemistry  of  the  Council  of  Ministers  USSR,  and  the  National  Economy  Council  of  the  Leningrad  Economic 
Administrative  Region;  it  was  attended  by  more  than  650  specialists  in  the  organic  chemistry  of  silicon,  repre¬ 
senting  various  institutions  of  the  Academy  of  Sciences  USSR,  a  number  of  universities,  and  many  branch  institu¬ 
tes. 


Papers  by  eminent  scientists  were  presented  and  discussed  at  the  Conference;  the  authors  included  Academi¬ 
cians  A.  N.  Nesmeyanov  and  A.  V.  Topchiev;  Corresponding  Members  of  the  Academy  of  Sciences  K.  A.  Andria¬ 
nov  and  A.  D.  Petrov;  Doctors  of  Science  B.  N.  Dolgov  and  A.  P.  Kreshkov  and  Scientists  from  China,  Czechoslo¬ 
vakia,  Poland,  Hungary,  and  Yugoslavia;  there  were  more  than  100  papers  in  all. 

The  Conference  was  opened  by  a  plenary  session  at  which  Corresponding  Member  (AN  SSSR)  K.  A.  Andria¬ 
nov  presented  a  review  paper.  In  his  paper  K.  A.  Andrianov  considered  the  most  important  stages  and  trends 
in  the  synthesis  of  organosilicon  polymers  and  described  the  great  potentialities  latent  in  this  interesting  field 
of  polymer  chemistry.  Synthesis  of  the  following  polymers  are  the  main  stages  in  the  production  of  high-molec¬ 
ular  organosilicon  compounds. 

1.  Synthesis  of  polymers  containing  elements  such  as  Ti,  Al.  Ni,  etc.,  with  molecules  of  linear  and  branched 
structure,  and  especially  of  linear  crystalline  polymers,  for  the  production  of  rubbers,  greases,  and  plastics  of 

high  thermal  stability. 

2.  Synthesis  of  polymers  with  heteroorganic  molecular  chains,  containing  hydrocarbon,  ester,  isocyanate 
and  similar  groups  in  the  molecular  chains  together  with  siloxane  groups.  The  production  of  linear  polymers  of 
the  fiber-forming  type  may  be  expected  in  this  group. 

3.  Synthesis  of  polymeric  organosilicon  compounds  with  organic  molecular  chains.  For  this  active  cataly¬ 
sts  must  be  sought,  for  conversion  of  unsaturated  silicon  derivatives  of  hydrocarbons  into  polymers  of  high  molec¬ 
ular  weights. 

Organosilicon  compounds  and  materials  based  on  them  are  widely  used  in  various  branches  of  the  national 
economy.  They  are  used  as  lubricants,  liquids  for  hydraulic  systems,  heat-transfer  media,  antifoaming  additives, 
pump  oil,  etc.  They  are  used  with  success  as  adhesive,  impregnating,  water-  repellent,  and  heat-resisting  coat¬ 
ings  with  good  dielectric  properties. 

The  development  of  organosilicon  chemistry  is  determined  by  the  demands  of  modern  technology.  The 
trend  for  the  immediate  future  is  the  creation  of  new  highly  thermostable  organosilicon  polymers  for  use  at  tem¬ 
peratures  in  the  200-500*  range. 

The  work  of  the  Conference  was  concentrated  in  four  main  sections;  organosilicon  monomers,  organosilicon 
polymers,  analysis  and  physicochemical  methods  for  investigation  of  organosilicon  compounds,  and  practical  ap¬ 
plications. 
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The  extensive  industrial  uses  of  various  organosilicon  polymers  have  made  It  necessary  to  develop  new 
methods  for  the  production  of  organosilicon  monomers  alkyl  and  aryl  halosilanes  which  are  the  starting  ma¬ 
terials  for  these  polymers.  The  section  of  organosilicon  monomers  was  concerned  with  this  problem. 

A  paper  on  the  phenylation  of  trichlorosllane,  presented  by  N.  N.  Tishina,  K.  A.  Andrianov,  S.  A.  Golubtsov, 
M.  1.  Kafyrov,  R.  L.  Darashkevich,  et  al.,  was  of  great  practical  interest. 

They  showed  that  phenyltrichlorosilane  can  be  produced  by  a  new  technological  process  with  technical 
and  economic  characteristics  approximating  to  those  of  direct  synthesis  in  a  fluidized  bed. 

The  paper  by  I.  V.  Trofimova,  K.  A.  Andrianov,  and  S.  A.  Golubtsov  contained  new  data  on  the  synthesis 
of  trichlorosllane  by  the  action  of  hydrogen  chloride  on  silicon  in  a  fluidized  bed,  with  agitation  of  the  silicon 
powder  by  the  current  of  hydrogen  chloride;  In  this  way  productivity  can  be  increased  more  than  10-fold,  and 
the  composition  of  the  reaction  products  can  be  regulated  more  economically  by  variations  of  temperature. 

Reactions  of  compounds  containing  Si  “  H  bonds  form  a  promising  branch  of  the  chemistry  of  organosilicon 
compounds.  A  paper  by  M.  E.  Dolgaya,  E.  A.  Chernyshov,  and  Li  Kuang-lian  dealt  with  development  of  methods 
for  the  synthesis  of  aromatic  organosilicon  monomers  by  reactions  of  hydrosilanes  with  aromatic  hydrocarbons 
in  presence  of  catalysts,  with  formation  of  SI  “  C  bonds  and  liberation  of  hydrogen,  and  by  reactions  of  hydro¬ 
silanes  with  aryl  halides  at  elevated  temperatures  with  formation  of  Si  —  C  bonds  and  liberation  of  hydrogen  chlo¬ 
ride. 

Research  into  new  methods  for  synthesis  of  trialkyl(aryl)  siloxy  derivatives  of  elements  of  groups  III,  IV, 
and  V  of  Mendeleev’s  periodic  systems,  and  studies  of  the  reactions  of  triorganosilanols  with  titanium  and  vana¬ 
dium  halides  and  alkoxy  derivatives,  with  orthoboric  and  phosphoric  acids,  and  with  oxides  of  boron,  phosphorus, 
vanadium,  and  antimony  were  described  in  an  extensive  paper  by  N.  F.  Orlov,  B.  N.  Dolgov  and  M.  S.  Voronkov. 

Papers  were  presented  on  the  behavior  of  various  dichloro  alkanes  and  dichloro  alkenes  with  chlorine  atoms 
at  the  same  carbon  atom  or  at  different  carbon  atoms  in  symmetrical  and  asymmetrical  molecules  under  condi¬ 
tions  of  direct  synthesis  (G.  I.  Nikishin,  A.  D.  Petrov  and  S.  I,  Sadykh-zade);  on  the  catalytic  addition  of  hydro¬ 
silanes  to  unsaturated  compounds  (V.  A.  Ponomarenko,  V.  G.  Cherkaev,  G.  V.  Odabashyan,  N.  A.  Zadoroshnyi 
and  A.  D.  Petrov);  on  the  catalytic  reactions  of  alkyldichlorosilanes  with  benzene  and  its  derivatives  (E.  P.  Mikh¬ 
eev,  G.  N.  Mal’nova,  et.  al.);  on  the  synthesis  of  organogermanium  compounds  (V.  F.  Mironov,  V.  A.  Ponoma¬ 
renko,  G.  Ya.  Vzenkova,  1.  E.  Dolgii  and  A.  D.  Petrov);  on  new  methods  for  the  synthesis  of  organosilicon  vinyl 
ethers  (S.  I.  Sadykh-zade  and  A.  D.  Petrov);  and  on  thermal  telomerization  of  silicon  hydrides  with  ethylene 
(A.  N.  Nesmeyanov,  R.  Kh.  Friedlina,  A.  A.  Karapetyan  and  E.  Ts.  Chukovskaya). 

Papers  presented  at  the  section  of  organosilicon  polymers  included  new  data  on  the  simultaneous  hydroly¬ 
sis  of  equimolecular  mixtures  of  diethyldichlorosilane  with  phenyltrichlorosilane,  which  is  the  principal  reaction 
in  production  of  polyorganosiloxane  resins  (A.  G.  Kuznetsova,  K.  A.  Andrianov  and  D.  Ya.  Zhinkin)  and  the  re¬ 
sults  of  a  study  of  the  catalytic  polymerization  of  di-  and  trifunctional  compounds  for  the  production  of  soluble 
polymers  of  high  viscosity,  which  influences  the  properties  of  the  resultant  varnishes  and  electrical  insulating 
materials  (S.  N.  Dzhenchel'skaya,  K.  A.  Andrianov  and  Yu.  K.  Petrashko). 

Several  papers  at  the  organosilicon  polymer  section  dealt  with  the  synthesis  and  properties  of  polysiloxane 
rubbers.  K.  A.  Rzhendzinskaya  and  I.  K.  Stavitskii  reported  on  the  synthesis  of  SKT-Kh5  chlorinated  polysiloxane 
rubber,  with  higher  adhesion  to  metals  and  better  frost  and  heat  resistance  than  SKT  dimethylsiloxane  mbber. 

N.  B.  Baranovskaya,  A.  A.  Berlin,  M.  S.  Zakharova  and  A.  1.  Mizikin  reported  on  the  development  of  a 
method  for  vulcanization  of  liquid  and  rubberlike  polydimethylsiloxanes  at  room  temperature,  based  on  the  in¬ 
teraction  of  hydroxyl  end  groups  of  the  polymer  in  presence  of  organometallic  compounds"*  orthotitanate  esters 
and  a  mixed  catalyst,  a  solution  of  an  organotin  compound  in  tetraethoxysilane.  Sealing  compositions  which 
harden  at  room  temperature  were  developed  from  the  liquid  polydimethylsiloxanes.  They  can  pass  in  a  few  hours 
from  the  viscofluid  state  to  become  rubberlike  materials  with  good  dielectric  properties. 

An  interesting  communication  was  presented  by  A.  1.  Glukhova,  K.  A.  Andrianov,  L.  N.  Kozlovskaya  and 
K.  F.  Kalushenina  on  the  production  of  a  rubberlike  material,  based  on  the  tendency  of  polydi methyls! loxane 
and  heat-resistant  organic  polymers  to  undergo  degradation  under  the  influence  of  mechanical  forces  and  heat. 
The  resultant  rubberlike  material  has  high  mechanical  strength,  100-180  kg/cm*  as  against  30-40  kg/cm*  for  the 
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polyrnethylsiloxane  rubbers  5R-129,  MR-2,  etc.,  and  it  retains  these  properties  between  ““75*  and  +  350*. 

An  important  step  in  the  development  of  organosilicon  polymers  is  the  synthesis  of  polymers  with  inorganic 
chains.  A.  A.  Zhdanov  and  K.  A.  Andrianov  described  methods  for  the  synthesis  of  polymers  the  molecular  chains 
of  which  contained  alternating  atoms  of  silicon,  oxygen  and  metals,  and  also  oxygen  and  aluminum  atoms. 

Interesting  data  on  the  synthesis  of  polyamides  from  dicarboxylic  acids  containing  silicon  were  presented 
in  a  paper  by  V.  V.  Korshak,  G.  M.  Frunze,  E.  V.  Kukharskaya  and  D.  I.  Andreeva.  These  polyamides  have  higher 
reversible  elasticity  than  the  analogous  polymers. 

A  serious  disadvantage  of  the  organosilicon  polymers  used  in  industry  is  their  low  mechanical  strength, 
due  to  the  small  intermolecular  forces.  Various  methods  are  used  to  eliminate  this  defect;  one  of  these  is  the 
introduction  of  polar  groups  into  the  organic  radical  at  the  silicon  atom.  This  changes  the  polarity  of  individual 
segments  of  the  polymer  chain,  and  the  intermolecular  forces  are  thereby  increased  (L.  M.  Volkova,  K.  A. 
Andrianov,  G.  E.  Golubkov,  L.  N.  Makarova  and  V.  A.  Odinets). 

A  subject  of  great  interest  is  the  development  of  methods  for  using  organosilicon  polymers  in  conjunction 
with  polymeric  organic  compounds,  whereby  the  technical  properties  of  various  materials  based  on  compounds 
from  both  these  classes  are  improved.  N.  Ya.  Guretskii,  A.  P.  Kreshkov  and  P.  A.  Andreev  studied  the  chemistry 
of  the  interaction  of  a  number  of  organosilicon  compounds  with  cellulose  under  various  conditions.  Tests  of  the 
combined  products  showed  them  to  be  of  practical  value  as  film  formers. 

Extensive  utilization  of  organosilicon  polymers  in  the  national  economy  was  considered  in  the  papers  at 
the  section  on  the  practical  applications  of  organosilicon  compounds. 

A  paper  by  N.  P.  Kharitonov  and  B.  N.  Dolgov  dealt  with  new  heat,  moisture,  and  electrical  insulating 
materials  based  on  organosilicon  compounds,  which  ensure  prolonged  protection  at  300-350*,  have  high  re¬ 
sistance  to  the  effects  of  sharp  temperature  changes  in  the  range  of  70  to +350*  and  good  water  resistance 
and  dielectric  properties.  These  materials  can  replace  ordinary  and  vitreous  enamels,  and  are  very  resistant  to 
oxidizing  agents,  corrosive  media  and  solvents. 

Very  interesting  communications  dealt  with  the  production  of  water-repellent  glass  fabrics  with  polyester 
binders  containing  organosilicon  compounds  with  groups,  capable  of  undergoing  hydrolysis  in  presence  of  mois¬ 
ture  present  on  the  glass  fiber  surface,  attached  to  the  silicon  atom,  and  also  with  unsaturated  groups  such  as 
methacrylate,  allyl  and  vinyl  (B.  A.  Kiselev,  Z.  A.  Zinov'eva,  Ya.  D.  Avrasin  and  P.  V.  Davydov);  and  with  the 
production  of  thermostable  and  strong  foam  materials  based  on  organosilicon  resins  combined  with  phenol 
formaldehyde  and  epoxy  resins  and  nitrile  rubbers  (M.  Ya.  Borodin,  Z.  I.  Kazakova,  A.  P.  Koroleva  and  V.  A. 
Popov). 

N.  V.  Kalugina  and  M.  G.  Voronkov  reported  on  the  use  of  the  organosilicon  preparations  A-4,  A-19  and 
MSN  as  water-repellent  treatments  for  cotton  fabrics;  E.  K.  Maminov  discussed  the  use  of  organosilicon  preparations 
MN-1,  EN-1,  A-3.  A-4,  A-11,  A-12,  MSN,  ^SN,  FSN  and  others  for  water-repellent  impregnation  of  leather  and 
leather  substitutes;  N.  A.  Afonchikov,  G.  V.  Kolobova,  P.  N.  Mikhailov  and  M.  G.  Voronkov  described  the  use  of 
organosilicon  preparations  for  paper  sizing,  and  V.  N.  Khramova  and  A.  P.  Kreshkov  discussed  the  increase  of  the 
frost  resistance  of  cements  by  organosilicon  additives. 

In  the  section  dealing  with  analysis  and  physicochemical  investigation  methods,  communications  by  S.  V. 
Syavtsillo,  E.  A.  Bondarevskaya,  A.  P.  Kreshkov,  B.  M.  Luskina,  A.  P.  Terent’ev,  V.  T.  Shemyatenkova  and  L.  M. 
Shtifman  were  concerned  with  the  development  of  modem  rapid  control  methods  in  the  production  of  monomers 
and  polymers;  the  paper  by  K.  K.  Popkov  was  on  quantitative  determination  of  alkylchlorosilanes  by  a  spectro¬ 
scopic  method;  Yu.  Ya.  Mikhailenko  reported  on  infrared  spectroscopy  of  organosilicon  compounds;  and  papers 
by  A.  V.  Topchiev,  G.  M.  Panchenkov,  N.  S.Nametkin,  A.  A.  Gundyrev  and  Ku  Ch’ang-li  dealt  with  studies  of 
the  effects  of  temperamre  on  the  viscosity  and  density  of  certain  classes  of  organosilicon  compounds  and  the  re¬ 
lationship  between  the  structure  and  the  energy  of  interaction  of  these  molecules. 

The  resolution  adopted  by  the  Conference  noted  both  the  achievements  and  the  failures  in  the  field  of 
synthesis  of  organosilicon  monomers  and  polymers.  There  were  no  papers  on  the  theory  of  technological  process¬ 
es,  equipment  design  calculations  and  planning,  or  new  types  of  equipment  for  the  production  of  organosilicon 
compounds,  and  only  a  few  papers  on  the  synthesis  of  methylchlorosilanes. 
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The  Conference  elected  a  commission  for  the  adoption  of  a  unified  nomenclature  of  organosilicon  com¬ 
pounds. 

It  was  proposed  to  hold  the  3rd  All-Union  Conference  on  the  Chemistry  and  Practical  Uses  of  Organosilicon 
Compounds  in  1960. 
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PaRe 

1376 

1380 

1381 

1386 

1406 

1410 


Line  Reads  Should  Read 

The  footnote  was  omitted.  It  should  read  as  follows: 

•The  values  obtained  for  degree  of  polymerization  and  molecular  weight  of  cellulose 
are  somewhat  low,  as  the  specific  viscosity  was  determined  with  access  of  air. 

11  from  top  n^  tj-j- 


12  from  top  phthalate  (DEP) 
phthalate  (DEP) 
sebacate  (DBS) 


phthalate  (DBP) 
phthalate  (DOP) 
sebacate  (DOS) 


1-2  of  Table  1  CYT 


days 


10  3F'hs1)4  f  2K3P04 

I 


I ’!>-,( P04)o  4  3K2SO4. 


LB2O3  4-  7C  =  2LaC2  +  3CO. 


X  X 

14  I.a203-|-7G  =  2LaC2-f  3CO.  3PbS()4  f  2K3l'n4  Pb^(P()4)2-+  ;1K2S04, 

*  I 
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SIGNIFICANCE  OF  ABBREVIATIONS  MOST  FREQUENTLY 


Abbreviation 

(Transliterated 

FIAN 
GIPKh 
GIRE  DMET 
GITI 
GITTL 
GLA  VKhIM 
GOI 
GON  TI 

Goskhimizdat 

GOST 

Gostoptekhi zda 

GTTi 

IFKhA 

IL 

lOKhAN 

lONKh 

lONKhAN 

IN  BI 
IRE  A 

ISN  (Izd  .  Sov  . 

I VKhTI 

Izd  .  AN  SSSR 

Izd.  MGU 

KEIN 

Khi mi zdat 

LGU 

LIM 

Me  tallurgi  zdat 

MITKhT 

OIYal 

OKhN 

ONTI 

OTI 

OT  N 

RIAN 

RZhKhim 

VKhO 

ZhFKh 

ZhRKhO 


ENCOUNTERED  IN  SOVIET  CHEMICAL  LIIERATURE 


)  Signi  ficance 

Phys.  Inst.  Acad.  Sci.  USSR 

State  Institute  of  Applied  Chemistry 

State  Rare  Metals  Scientific  Research  Institute 

State  Sci. -Tech.  Press 

State  Tech,  and  Theor.  Lit.  Press 

Main  Administration  of  the  Chemical  Industry 

State  Optical  Institute 

State  United  Sci. -Tech.  Press 

State  Chem.  Press 

All-Union  State  Standard 

t  State  Scientific  and  Technical  Publishing  house  of  the  Petroleum  and 

Mineral  Fuel  Industry 
State  Tech,  and  Theor.  Lit.  Press 
Institute  of  Physicochemical  Analysis 
Foreign  Lit.  Press 

Institute  of  Organic  Chemistry  of  the  Academy  of  Sciences  of  the  USSR 
Institute  of  General  and  Inorganic  Chemistry  (N.  S.  Kurnakov) 

Institute  of  General  and  Inorganic  Chemistry  of  the  Academy  of  Sciences 
of  the  USSR 

Institute  of  Biochemistry 
Institute  of  Chemical  Reagents 
N  a  u  k )  Soviet  Science  Press 

Ivanovo  Chemical  Engineering  Institute 
Acad.  Sci.  USSR  Press 
Moscow  State  Univ.  Press 
Colloid  Electrochemical  Institute 
Chemistry  Press 
Leningrad  State  University 
Leningrad  Institute  of  Metals 
Metallurgy  Press 

Moscow  Institute  of  Fine  Chemical  Technology 

Joint  Institute  of  Nuclear  Studies 

Division  of  Chemical  Science 

United  Sci. -Tech.  Press 

Division  of  Technical  Information 

Division  of  Technical  Science 

Radium  Institute,  Academy  of  Sciences  of  the  USSR 

Chemical  Abstract  Journal  (USSR) 

All-Union  Chemical  Society  (Mendeleev) 

Journal  of  Physical  Chemistry  (USSR) 

Journal  of  the  Russian  Chemical  Society 


Note:  Abbreviations  not  on  this  list  and  not  explained  in  the  translation  have  been  transliterated  no  further 
information  about  their  significance  being  available  to  us.  —  Publisher. 


SCIENTIST  -  TRANSLATORS  WANTED 


For  over  a  decaiie.  Consultants  Bureau,  Inc.  has  provided  Western  scientists 
with  high  quality  cover-to-cover  translations  of  Soviet  scientific  journals.  Our  unique 
contracts  with  the  Soviet  government  are  constantly  revised  to  include  more  extensive 
coverage  of  technical  activity  in  the  USSR.  In  order  to  produce  these  journals  at  the 
high  standards  set  down  by  both  the  Soviet  and  American  governments,  it  is  of  prime 
importance  to  maintain  a  large  staff  of  scientist-translators  who  can  translate  with 
precision  in  their  specific  scientific  field.  It  is  our  strict  policy  to  assign  a  translator 
only  that  material  which  is  within  his  scope. 

As  part  of  our  current  and  future*  expansion  programs,  we  have  openings  for 
a  limited  number  of  scientist-translators  who  can  translate  in  the  fields  covered 
by  the  following  journals: 

Journal  of  General  Chemistry 

Antibiotics 

Biochemistry 

Bulletin  of  Experimental  Biology  and  Medicine 

Entomological  Review 

Microbiology 

Pharmacology  and  Toxicology 
Plant  Physiology 

Automation  and  Remote  Control 
Industrial  Laboratory 
Instruments  and  Experimental  Techniques 
Measurement  Techniques 

Czechoslovak  Journal  of  Physics 
Soviet  Journal  of  Atomic  Energy 
Soviet  Physics  -  Acoustics 
Soviet  Physics  -  Crystallography 
Soviet  Physics  -  Technical  Physics 

Our  basic  requirements  are  that  the  scientist-translator  have  a  native  command 
of  English,  a  minimum  degree  of  B.S.  in  his  specific  field,  and  a  thorough  knowledge 
of  the  contemporary  technical  terminology  of  his  scientific  discipline. 

Translation  may  be  done  at  home  on  a  full  or  part-time  basis. 

For  further  information,  please  contact: 

Translation  Editor 
CONSULTANTS  BUREAU.  INC. 

227  West  17th  Street 
New  York  11,  New  York 


■^We  expect,  in  the  near  future,  to  initiate  a  program  of  translation  from  the 
growing  amount  of  important  Chinese  scientific  literature  available.  In  preparation, 
we  are  accepting  applications  from  Chinese  to  English  translators. 


